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ABSTRACT 
The genetic and physiological system governing energy storage in the form of fat is now 
the target of extensive biomedical research to solve causes of human obesity. This 
dissertation reports on studies of the pig genome as a model to identify obesity-related genes. 
Pig geneticists have sought to reduce fat in their pigs through selective breeding, and these 
efforts ultimately improved the genetic potential in the pig for higher growth, increased 
efficiency of conversion of food into body weight and lower fat percentage in the body. 
Therefore, the genetic information obtained from lean growth in the pig can be applicable to 
studying the genetic basis of human obesity and other related health problems. A three-
generation pig family and several commercial lines of pigs were used to study porcine 
obesity quantitative trait loci (QTL), and genes for the relevant phenotypes to human growth 
and obesity. Several candidate genes were successfully localized within the porcine obesity 
QTL and the comparative locations of these QTL and candidate genes were discussed in the 
present study. Furthermore, the relationships between DNA polymorphisms of the candidate 
genes and a variety of phenotypic measurements were studied. These results provide 
important insights into the role of biological candidate genes in obesity and other related 
metabolic disorders. The functional properties of a naturally occurring variant of porcine 
melanocortin-4 receptor (MC4R) gene were comparatively characterized to determine 
functionally important structural amino acid residues in the MC4R sequences. This research 
also discovered a unique imprinting phenotype in the porcine delta-like 1 (DLK1) locus. 
The imprinting phenotype was first found in the callipyge locus in sheep and called 'polar 
overdominance'. However, further identification has been elusive in other mammals. The 
results of the porcine DLK1 locus indicate that the inheritance mechanism of polar 
overdominance for callipyge sheep might have a conserved role for growth and fat 
deposition phenotypes in pigs and the DLK1 gene might be an important player for the 
imprinting phenotypes. This dissertation demonstrates the useful value of comparative 
genomic study of pigs as a model organism to investigate genes of interest for human health, 
especially obesity, and the results also have implications for the development of improved 
genetic selection programs for the targeted traits of interest in pig production systems. 
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CHAPTER 1. GENERAL INTRODUCTION 
Dissertation Organization 
This dissertation is written in the alternative format in which a literature review (Chapter 
1) is followed by five manuscripts to be submitted for publication or that have been 
published in scientific journals (Chapters 2, 3, 4, 5, and 6). The final chapter (Chapter 7) 
contains general conclusions, discussion, and recommendations for future work. 
The main theme of this dissertation is centered on comparative analyses of obesity-
related genes in the pig for understanding of human fat deposition or obesity. The literature 
review is in three parts. The first part is entitled "Obesity and the pig model" and reviews 
current approaches using the pig genome for genetic control of growth and fat deposition 
traits, the economic importance to the pork industry, and potential applications to human 
obesity. The second part is entitled "Imprinting and genomics" and reviews the discoveries 
of genetic imprinting and the current status of human and animal genomic research on 
imprinting. The third part is entitled "Animal infectious disease and genomics" and reviews 
genomic approaches for study of animal health and infectious diseases. Relevant references 
are compiled for each chapter. Chapter 2 is focused on functional characterization of the 
porcine MC4R gene mutation using molecular and cellular techniques and its notable 
associations with muscle characteristics of pigs. Chapter 3 is a comparative study of the pig 
obesity-related QTL and genes for human obesity. Nine candidate genes were mapped on 
QTL regions of pig chromosomes and analyzed for the relationship between polymorphisms 
of candidate genes and a variety of phenotypic measurements in a large number of pigs. 
Chapter 4 studied an imprinting gene, Delta-like 1 (DLK1), and its probable imprinting 
effects in pigs. Chapter 5 reports mapping of an obesity-related gene, Agouti-related protein 
2 
(AGRP) in pigs (Animal Genetics, 2001, 32:325-326). Chapter 6 reports the mapping of two 
immunoreceptor genes, DAP 10 and NKG2D, in pigs (Journal of Animal Science, 2002, 
80:1377-1378). Chapter 7 contains a summary and recommendations. 
Literature Review 
Part A. Obesity and the pig model 
The physiological system governing energy storage in the form of fat might be the most 
fundamentally adaptive systems in humans and other animal species. This system is now 
the target of extensive biomedical research to solve causes of human obesity. Experimental 
animals, mainly mice and rats, have been used for a number of obesity studies designed to 
identify genetic and environmental factors that regulate energy balance. Surgical, chemical, 
and dietary approaches in these animals have revealed major physiological mechanisms 
leading to obesity. Heritable forms of animal obesity have been studied to identify genetic 
factors that may control familial human obesity disorders (Pomp, 1997). 
We have used the pig as a model to identify obesity-related genes for two reasons. First, 
the genetic components of human obesity may play important roles in regulation of pig 
performance traits such as fatness, growth rate, and feed intake. Because pork is a principal 
source of human dietary protein and pork production is an important business in agriculture 
on a worldwide basis, this research can also provide valuable information for economically 
efficient lean pork production. More precisely, mapping of obesity-related genes on porcine 
chromosomes can be useful to breeding programs for marker-assisted selection (MAS) for 
those performance traits. Second, numerous physiological similarities between pigs and 
humans suggest that the pig may be a more realistic model of human obesity (Houpt et al., 
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1979; Miller and Ullrey, 1987; Rapacz et al., 1989) than other animal models such as rodent 
species. The detailed clinical and physiological conditions resulting from obesity may limit 
analyses in humans because of their complexity and cost. For quantitative studies of these 
phenotypes, the model should be as similar as possible to humans. So, rodent models may 
not be suitable for quantitative comparisons (Stock, 1996). Pigs have been extensively used 
as biomedical research model for various human physiological conditions (Swindle, 1992; 
Tumbleson and Schook, 1996). The economic emphasis in the pork industry toward growth 
and performance traits has allowed for the development of systematic measurements to 
accurately evaluate commercial pigs (NPPC, 1991). Applied research programs have been 
conducted to develop procedures for efficient pork production. The information obtained 
from these studies certainly has potential application to human obesity. Furthermore, 
evolutionary the pig genome is more closely related to the human genome than the human 
is to small laboratory animal species. Therefore, identified significant DNA polymorphisms 
in obesity-related genes in the pig genome might provide useful targets for the genetic study 
of human obesity. 
One of the most significant discoveries to date has been a polymorphism identified in the 
porcine MC4R gene (Kim et al., 2000). This polymorphism revealed a missense mutation 
that replaces aspartic acid with asparagine at the amino acid position 298 of the MC4R 
protein. Interestingly, Asp298 is a highly conserved amino acid within other MCR subtypes 
and in other species. This MC4R type was significantly associated with less backfat 
thickness, slower growth rate, and lower feed intake. In contrast, the Asn298 mutant was 
associated with increased backfat, higher feed intake, and faster growing pigs from several 
commercial populations. The strong association between the MC4R variants with fatness, 
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growth rate, body weight, and feed intake probably result from the fact that the variant 
amino acid residues of the MC4R mutation cause a significant change of the MC4R function, 
and this hypothesis was investigated and is reported in a later chapter. Because MC4R 
mutations have been found in humans with morbid obesity (Chagnon et al., 2003), the pig 
MC4R mutation will be useful for studying the physiological relationship between 
melanocortin signaling and human obesity. 
The number of genes or gene products that are known to control appetite or body weight 
in animal models and humans exceeds 130 and these are still increasing. Many candidate 
genes have been studied for association with obesity-related phenotypes in humans 
(Chagnon et al., 2003). Mutations from these candidate genes were also investigated to 
determine naturally occurring gene mutations that may be ultimately responsible for some 
human obesity. 
A significant number of QTL have been identified in the pig in recent years. Bidanel 
and Rothschild (2002) recently reviewed significant QTL studies performed with pigs. The 
first major QTL (named as F ATI) for fatness and growth was identified on chromosome 4 
by using a Wild Boar intercross (Andersson et al., 1994). This F ATI region on chromosome 
4 in the pig is homologous to parts of human chromosome 1 and 8. The latest comparative 
mapping results between humans and pigs indicate that the QTL is located in a region 
homologous to HSAlq (Berg et al., 2002). Bidanel et al. (2001) also conducted a QTL 
experiment with a Meishan x Large White F2 population and found several loci affecting 
important economic traits, such as growth rate and backfat thickness on chromosomes 4 and 
7. Wang et al. (1998) directly searched for QTL on chromosomes 4 and 7 for performance 
traits in five Chinese x American breed cross families and identified QTL for average daily 
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gain on chromosome 4 and QTL for backfat thickness on chromosome 7. A more recent 
QTL study conducted at Iowa State University also identified a significant QTL for backfat 
thickness in the same region of pig chromosome 7 (Malek et al., 2001). 
Comparative characterization of QTL to search for the genes responsible for the trait can 
make good use of a high-density framework map produced using a radiation hybrid panel 
(Demeure et al., 2003). Phenotypic characterization of the QTL will further facilitate the 
characterization of the causative gene(s). Thus, integrated approaches of both comparative 
map-based positional and phenotype-based biological candidate gene studies are possible 
with pigs and may provide very valuable information on the genetics and physiology of 
human obesity. 
Monitoring gene expression will be an additional tool in comparative genomic study. 
The use of cDNA microarrays may allow us to elucidate molecular mechanisms in cells or 
tissues by monitoring global gene expression differences in normal and obese individuals 
and in response to various environmental stimuli. For example, the important roles of 
adipose tissue in energy balance and metabolism were studied between lean and genetically 
obese (ob/ob) mice (Nadler et al., 2000), and the effect of high-fat diet on adipogene 
expression was also studied in rats (Lopez et al., 2003). Mathialagan et al. (2002) 
investigated pig gene expression patterns using human microarrays. In pigs with high and 
low lean growth rates, phenotypic data and serum samples were collected at four different 
time points from weaning until slaughter, and several tissues contributing to regulation of 
metabolism and growth were collected for transcriptional profiling. Pooled RNA from each 
tissue from the high lean and low lean groups were analyzed on human microarrays. These 
microarrays identified 394 genes that may be differentially expressed. Genomic locations of 
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these differentially expressed genes are being determined and the results will be useful for 
further identification of candidate genes for studying mechanisms of growth and fat 
deposition in pigs as well as humans. 
At present, relatively limited genomic information and resources are available in pigs as 
compared with that of mice as a model organism for complex genetic traits such as obesity. 
However, considerable research has demonstrated that the pig genome is valuable for studies 
of genetic control of growth and body composition traits in the pork industry and has 
potential application to human obesity (Milan et al., 2000; Kim et al., 2000; Ciobanu et al., 
2001). Comparative genome information between humans and pigs is well established, and 
comparative map-based genetic study is possible for identifying genes responsible for 
obesity in the targeted QTL regions between humans and pigs 
(http://www.toulouse.inra.fr/lgc/pig/compare/compare.htm). The most difficult challenge 
remaining is the development of a dynamic system that can integrate the various research 
components such as genetic, genomic, and physiological experiments for human medicine. 
The pig can be a useful model to link these various research components for the 
development of an extensive information system. 
Part B. Imprinting and genomics 
Characterization of imprinted QTL or parent of origin effects in farm animals has a huge 
potential benefit for the improvement of economic traits and development of breeding 
strategy because specific sire or dam lines can be developed based on genotype. In addition, 
comparison of identified imprinted regions with that of other mammalian species will 
provide important insights into genomic imprinting and its evolution. Therefore, having a 
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genomic understanding of imprinting will be one of the important challenges in animal 
genome studies. 
Our understanding the biological mechanism of imprinting, the expression of only one of 
the parental copies of a gene, has been gradually learned during the past 30 years. The two 
most important keywords in understanding imprinting mechanisms are "DNA methylation" 
and "CpG islands." The DNA methylation is the transfer of a methyl group from S-
adenosyl-methionine to the C5 position of cytosine. This reaction is catalyzed by DNA 
methyltransferases and is specific to cytosines in CpG dinucleotides (Strichman-Almashanu 
et al., 2002). Differential methylation of DNA was first found to affect binding of 
regulatory proteins (Riggs, 1975). Changes in gene activity as a result of the DNA 
methylation are thought to control tissue-specific gene function and differentiation (Razin 
and Riggs, 1980). Genomic involvement of imprinting was first speculated with the parental 
origin effect of nuclear transplant on embryo development in which both parental genomes 
are necessary for complete embryogenesis (McGrath et al., 1984; Barton et al., 1984; Surani 
et al., 1984). However, the normal embryogenesis is not required for all or both parental 
chromosomes from a study using uniparental disomies (UPDs) for individual chromosomes 
(Cattanach and Kirk, 1985). Later in transgenic mice, DNA methylation patterns of a 
transgenic allele showed clear differences due to parental origin, which suggested that 
heritable pattern of methylation is controlled in a parental specific manner and may be 
involved in molecular mechanisms of imprinting (Reik et al., 1987). 
The functional roles of CpG islands in transcriptional and post-transcriptional regulation 
of gene expression were suggested from their genomic locations (Gardiner-Garden and 
Frommer, 1987), and the heavy methylation of the CpG sites in the inactive X chromosome 
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(Alcalay and Toniolo, 1988). The first gene proven to be imprinted in mammals was the 
mouse insulin-like growth factor 2 (Igf2) gene (DeChiara et al., 1991; Ferguson-Smith et al., 
1991). This gene was also imprinted in humans (Ohlsson et al., 1993; Giannoukakis et al., 
1993). DNA methylation is required for maintaining imprinting as the gene expression of 
imprinted genes within CpG islands was lost in the absence of the maintenance of 
methyltransferase (Li et al., 1993), and all imprinted genes appeared to contain DNA 
sequences methylated in a parental-specific manner (Razin and Cedar, 1994). 
The DNA methylation is modified during embryonic and postnatal development 
(Constancia et al., 1998). Examination of the relationship between germ cell development 
and DNA methylation processes suggests that the parental-specific methylation is "erased" 
in germ cells at an early developmental stage and then "reestablished" in normally mature 
gametes after birth. After fertilization, differential methylation in embryos was retained in 
core regions despite global demethylation during preimplantation and methylation 
remodeling after implantation. Established methylation patterns during embryonic 
development are normally maintained for the remaining lifetime. 
Why then are genes imprinted and conserved in mammals and what is the biological 
function of imprinting? One hypothesis is "intergenomic conflict" (Moore and Haig, 1991). 
This hypothesis is supported by observations that imprinted genes are essential in growth 
and development of embryos and neonates. Paternally expressed and maternally imprinted 
genes appear to promote placenta development and fetal growth, but maternally expressed 
genes tend to conserve maternal resources by dividing them evenly to offspring (Hurst and 
McVean, 1997). The genetic system supporting this hypothesis is the insulin-like growth 
factor (IGF2) with its receptor (IGF2R) (Baker et al., 1993). The IGF2 gene is only 
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paternally expressed and the IGF2R gene is only maternally expressed. The IGF2R protein 
binds IGF2 and clears it from circulation, but it does not transmit a growth signal of IGF2. 
Another competing idea is that selective forces have maintained differences in the chromatin 
structure of maternal and paternal chromosomes, and the maintenance of these differences 
facilitates pairing of non-homologous chromosomes and the distinction between 
homologues during meiosis, DNA repair, and recombination. In some instances, it might 
lead to establishment of imprinting (Pardo-Manuel de Villena et al., 2000). Further 
discoveries of imprinted genes (loci) and phenotypes associated with imprinting will correct 
the biological rationale for imprinting. 
Deregulation of imprinted genes was associated with pre- and postnatal growth and 
neurological disorders in humans and many different types of mutations have been involved 
in these imprinting defects (Walter and Paulsen, 2003). A considerable number of 
conserved imprinted genes have been found between mouse and human (Beechey and 
Evans, 2000), so many basic features of imprinted gene expression in human disease 
situations have been studied in mouse model systems. For example, Beckwith-Wiedmann 
syndrome (BWS), one of the best characterized imprinting disorders, is caused by genetic 
and epigenetic changes in genes on human chromosome llpl5.5 (Reid et al., 1997), and a 
mouse model was generated to understand how BWS can arise from mutations in some of 
the genes (Caspary et al., 1999). 
Interestingly, a paternally expressed QTL affecting muscle mass in the pig was identified 
on pig chromosome 2pl.7 that has a conserved synteny with human chromosome llpl5 
(Nezer et al., 1999; Jeon et al., 1999). Comparative sequence analysis of the pig, human, 
and mouse INS-IGF2-H19 gene clusters has revealed highly conserved elements that might 
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be functionally important (Amarger et al., 2002). Further investigation of this pig QTL will 
be useful to understand the role of IGF2 in the skeletal muscle development of pigs and 
probably the somatic overgrowth associated with BWS patients. Recent publications on 
QTL studies in the pig have revealed several imprinted QTL (de Koning et al., 2000; Rattink 
et al., 2000; Hirooka et al., 2001; de Koning et al., 2001; Quintanilla et al., 2002; Desautes et 
al., 2002; Milan et al., 2002). Further identification of imprinted genes in these QTL regions 
will have several important implications in pig breeding as well as in relevant human 
conditions. 
Part C. Animal infectious diseases and genomics 
One of the major problems in modern pig husbandry is infectious disease. Susceptibility 
to infectious diseases is influenced by both constitutional (e.g. genotype, age, gender, and 
reproductive status) and environmental factors (e.g. nutrition, management, infections, and 
other forms of "stress"). A number of factors result in marked differences in susceptibility. 
Genetic variation within individual animals or herds can cause differences in the execution 
of immune functions against infectious agents in the domestic species (Rothschild, 1989). 
Therefore, a growing interest in the genetic components of the animal immune system has 
been developed in order to improve disease resistance of individuals and to use them in 
breeding programs (Warner et al., 1987; Visscher et al., 2002). QTL regions for immune 
capacity (Edfors-Lilja et al., 1998) and resistance/susceptibility to pseudorabies (Reiner et 
al., 2002) were detected in pig reference families for gene mapping. Further combined use 
of current cellular and molecular technologies enhance the understanding of the immune 
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system to infectious diseases, and help to determine or characterize genetic differences in 
disease resistance between pig breeds. 
Natural killer (NK) cells play an important role in immune surveillance, including tumor 
elimination, control of infectious diseases, and cytokine production (Bancroft, 1993; 
Trinchieri, 1989). The immunoreceptor DAP10 and NKG2D complex is expressed in the 
NK cells and plays an important role in immune surveillance (Bauer et al., 1999; Wu et al., 
1999). The porcine DAP 10 and NKG2D genes have been characterized (Yim et al., 2001) 
and linkage location of these genes has been determined in the pig (Kim et al., 2002). The 
CD69 molecule is important for immune cell development and activation (Lauzurica et al., 
2000). Porcine CD69 gene has been characterized for its genomic location and expression 
pattern (Yim et al., 2002). These genes might be potential candidates for application in 
marker-assisted selection to improve immune capacity and disease resistance in pigs. 
Susceptibility to infection is a polygenic trait in most cases. However, most genetic tests 
currently used are evaluating just a single gene. Wang et al. (2001) studied expressed 
sequence tags (ESTs) of alveolar macrophages from porcine reproductive and respiratory 
syndrome virus (PRRSV) infection. They found that these virus-response ESTs might 
represent candidate genes for understanding PRRSV pathogenesis and for dissecting host 
genes that may have major effects on disease resistance. Furthermore, use of DNA chip 
technology will be an useful tool to understand the complex genetic architecture of immune 
responsiveness. 
There are a number of potentially interesting phenotypes in pigs comparable to human 
diseases or conditions, like obesity, imprinting, and immunity in this review. The molecular 
12 
genetic observation of these phenotypes in pigs can help to dissect genetic complexity of 
these phenotypes in humans and will have important applications to the development of 
marker-assisted selection programs in animal breeding. 
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ABSTRACT 
The melanocortin-4 receptor (MC4R) is a G protein-coupled, seven-transmembrane 
receptor expressed in the brain. It plays an important role in the control of mammalian 
energy homeostasis. Previously, a single nucleotide polymorphism (SNP) causing an amino 
acid substitution (Asp298Asn) in the porcine MC4R gene has been associated with obesity 
phenotypes. Thus, we set out to determine the functional properties of this naturally 
occurring Asp298Asn MC4R variant. The 293 cells in which 298Asn MC4R was 
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expressing cells did not accumulate cAMP in response to NDP-aMSH stimulation despite 
the fact that there was no difference of binding affinity of 298Asp and 298Asn MC4R 
proteins. These results suggest that 298Asp is required for normal MC4R signaling. In 
addition, we found a significant association between this MC4R variant and skeletal muscle 
characteristics in young pigs (n = 511). The 298Asp MC4R carrier animals had significantly 
higher M. longissimus dorsi muscle glycolytic potential and lactate content than 298Asn 
MC4R carrier animals. Lipid content of the M. longissimus dorsi muscle was greater in 
298Asn MC4R carriers, whereas the proportion of type I and Ha muscle fibers was 
significantly higher in heterozygous pigs as compared to the two different homozygous 
MC4R variant animals. These results indicate that MC4R signaling can affect fiber-type 
and metabolic characteristics of skeletal muscle. Therefore, decreased MC4R signaling 
might be associated with a decreased muscle response to insulin (insulin resistance) and lead 
to development of type 2 diabetes. These findings have important implications to determine 
functionally important structural amino acid residues in MC4R signaling and define 
physiological conditions relevant to human obesity. 
Melanocortin-4 receptor (MC4R) plays a pivotal role in the control of food intake and body 
weight, serum insulin, metabolic rate and sexual behavior from studies with MC4R 
knockout mice (1-4). The significant role of the MC4R in human obesity was found with the 
identification of non-functional (frameshift) MC4R mutations in the MC4R coding region 
from genetically obese subjects (5, 6). Additional studies have revealed more than 15 
different amino acid variations (missense mutations) in the MC4R gene that can result in 
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severe familial obesity in humans, and some of those variations were associated with 
specific cellular functions (7-9). To date, MC4R mutations represent the most common 
genetic cause of non-syndromic human obesity. 
We previously reported that a naturally occurring MC4R missense mutation is associated 
with fat deposition, growth, and feed intake traits in pigs (10). This porcine MC4R variant 
was found in a highly conserved region of the melanocortin receptor family. Thus, it is 
thought to exert an important functional role of the receptor. Understanding the functional 
properties of the pig MC4R mutation is important for several reasons. First, it can provide 
new insights into the major structural elements controlling melanocortin receptor function. 
Second, once its functional properties are known, the pig can serve as a model to develop 
treatments for obese human patients with MC4R mutations. Numerous physiological and 
anatomical similarities exist between pigs and humans (11-13), and this will allow for 
determining the role of MC4R mutations in many different quantitative phenotypes of obese 
human subjects. Third, improved muscle characteristics are important for human health and 
for animal breeding programs (14-16). We describe here the functional properties of a 
porcine MC4R variant on muscle characteristics that may be an important physiological 
player for obesity and type 2 diabetes (17, 18). Results from the present study demonstrate 
that the genetic variation and physiological conditions in pigs can have direct applications 
for human fat deposition and obesity because they can provide numerous directly relevant 
phenotypic measurements which may not be readily available from human subjects or 
mouse models. 
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Materials and Methods 
Cloning, cell culture and transfection 
The mutant (Asn298) and wild-type (Asp298) alleles of the porcine MC4R gene were 
amplified from genomic DNA using the primer pair, PMC4R (5'-GGA TGA ACT CAA 
CCC ATC AC-3') and FMC4R (5'-AGA CAA ATC ACA GAG GCC AC-3') and cloned 
into the pcDNA3/V5/His/Topo (Invitrogen, Carlsbad, CA). Expression clones were 
digested with the Apal restriction enzyme to determine the orientation of PCR products and 
sequenced to confirm the absence of undesirable mutations. The 293 and COS-7 cells were 
grown in modified Eagle's medium (MEM) supplemented with 10% fetal bovine serum, 2 
mm glutamine (Mediatech, Inc., Herndon, VA), and 100 jug /ml penicillin and streptomycin 
(Mediatech, Inc.). Cells were incubated at 37 C in humidified air, which contained 5% C02. 
Cells were transiently transfected with the MC4R expression vectors with FuGene 6 
transfection reagent (Roche, Indianapolis, IN). Expression of the MC4R protein was 
determined by Western blot analysis. Cells stably expressing the MC4R mutant and wild-
type alleles were also established by transfecting 293 cells using FuGene 6 transfection 
reagent and selecting in 400 jxg/ml Geneticin (Life Technologies, Inc., Rockville, MD) for 
more than 14 days. 
Immunoprecipitation and Immunodetection 
Transiently transfected cells were washed with cold PBS and scraped into a lysis buffer 
(20 mM Tris; 100 mM NaCl; 50 mw, NaF; 10 mM Na3P04; 5 mM EDTA; 1 itim Na4P2Q7; 1% 
Triton X-100; 10% glycerol; 1% deoxycholic acid; 0.1% SDS; 1 mM PMSF; 10 Hg/ml 
aprotinin; and 10 |xg/ml leupeptin). Cell lysates were further disrupted by sonication on ice 
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and then centrifuged at 12,000 X g for 10 min at 4 C. Total protein concentration was 
determined with the DC protein assay kit (Bio-Rad Laboratories, Inc., Hercules, CA). 
Cellular protein (0.8 mg) was incubated with 2 jig/ml of the V-5 antibody (Invitrogen) 
overnight at 4 C. Immunocomplexes were incubated with protein G-sepharose resin 
(Amersham Pharmacia Biotech, Buckinghamshire, UK) for 1 h with constant agitation at 4 
C. The immunoprecipitant was washed three times with lysis buffer. The eluted protein 
samples were size separated on 10% SDS-PAGE gel and transferred to PVDF membrane 
filter (Bio-Rad Laboratories). Filters were blocked with PBS, which contained 5% non-fat 
dry milk, incubated with primary anti-His antibody (Invitrogen), washed with PBS and 
incubated with goat-anti-mouse immunoglobulin-HRP complex (Sigma, St Louis, MO). 
Bands were detected using the enhanced chemiluminescence method (Amersham Pharmacia 
Biotech). 
Iodination of NDP-a-MSH 
The NDP-a-MSH (10 (xg inlO |il, Peninsula Laboratory, Inc., Belmont, CA) was mixed 
with 0.5 M P04 (35 |xl), 1 mCi of Na 125I, and 3.5 MM Chloramine T (10 |il). After 2 min, 0.1 
ml of BSA (100 mg/ml in 0.1 M acetic acid) was added to stop the reaction. Radiolabeled 
NDP-a-MSH was purified by a Sephadex G-25 column (1 X 30 cm) equilibrated with 0.1 M 
acetic acid with 0.1% BSA. Purity of I25I-NDP-a-MSH was determined by a RIA with 
rabbit anti-a-MSH serum (Peninsula Laboratory, Inc.). Specific activity was approximately 
1 pmol/100,000 cpm. 
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Receptor binding assay 
Intact 293 cells, which stably expressed 298Arg or 298Asn MC4R proteins, were used 
for receptor binding assays. The 293 cells were detached from plates with PBS, 0.02% 
EDTA and collected after centrifugation at 500 X g for 5 min. Cells were resuspended in 
MEM buffer (pH 7.4, 0.1% BSA; and 10 mM Hepes) and split into duplicate tubes for the 
binding assays. Total binding was performed in a total volume of 0.4 ml binding buffer 
containing 106 cells incubated with 100,000 cpm of 125I-NDP-aMSH. Nonspecific binding 
was determined with a parallel set of duplicate tubes that contained 10"6m of NDP-aMSH. 
After incubating for 30 min at 37 C, cell suspensions were filtered through Whatman GF/C 
(Whatman Inc., Clifton, NJ) grass-fiber filters with a 12-sample cell harvester (Millipore, 
Bedford, MA). Filters and tubes were washed three times with a total of 6 ml of ice-cold 
binding buffer. Radioactivity trapped on the filters was determined with a scintillation 
counter (Packard, Downers Grove, EL) and specific binding was calculated as the difference 
between total and nonspecific binding radioactivity. 
Adenylyl cyclase assays 
Adenylyl cyclase activity was determined by measuring intracellular cAMP 
concentrations following exposure of cells to increasing concentrations of NDP-a-MSH. 
The 293 cells that stably expressed MC4R variants were collected as described above. Cells 
were incubated for 30 min with 1010 - 10"6 M of NDP-aMSH in the presence of DMEM, 
which contained 0.1% BSA, 10 mM Hepes, and 1 nrn IB MX. After incubation, cells were 
collected by brief centrifugation at 10,000 X g for 10 s and the supernatant was aspirated off. 
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The cAMP was extracted from cell pellets by vigorous vortexing in the presence of 0.3 ml of 
0.01 N HC1 and then incubated at 75 C for 20 min to inactivate phosphodiesterase. Extracts 
were centrifuged at 1000 X g for 5 min at 4 C, and the supematants (0.15 ml) were removed 
and neutralized by mixing with 0.15 ml of 0.01 N NaOH. Neutralized supemantants were 
acetylated with acetylation reagent (acetic anhydride + triethylamine). Standards of cAMP 
(4, 8, 16, 32, 64, 128, 256 fmol) were prepared. Anti-cAMP (1:70,000, NHPP, Torrance, 
CA) and 125I cAMP tracer (5000 cpm/tube) were added to the acetylated samples (100 p.1) 
and incubated at 4 C overnight. To each sample, 100 |J.l of normal rabbit plasma and 100 gl 
of second antibody were added. Cold PEG was added and samples were spun at 2000 X g for 
20 min. The supernatant was aspirated and each tube was counted with a gamma counter 
(Packard). 
Muscle characteristics and genotyping 
Phenotypic associations of the MC4R variant with muscle characteristics were studied 
in the data from a three-generation resource family that was established to map genes 
affecting growth and body composition in pigs (19). Two commercial breeds, Berkshire and 
Yorkshire, with divergent muscle characteristics were used to generate 511 F2 animals, and 
these pigs were raised under standard management conditions under care of trained 
employees at the Iowa State University Swine Breeding Farm. Muscle phenotypic 
measurements in these animals have been described in detail elsewhere (20). Briefly, in 
samples of longissimus muscle at 48 h postmortem, lipid, glycogen, free glucose, glucose-6-
P, and lactate were measured and glycolytic potential was calculated: glycolytic potential = 
2 X (glycogen + glucose + glucose-6-phosphate) + lactate. Differences in muscle fiber type 
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were evaluated by separation of myosin isoforms on high-porosity SDS-PAGE gels. The 
porcine MC4R variant was genotyped by using a TaqI polymerase chain reaction-restriction 
fragment length polymorphism (10). 
Statistical analysis 
Receptor binding and adenylyl cyclase assays were replicated at least three times and 
results are presented as mean ± SE. Data were analyzed for treatment or dose differences by 
analysis of variance. Associations between the Asp298Asn MC4R variant and muscle 
characteristic measurements were tested by using general mixed model procedures (SAS 
procedure GLM, SAS institute, Cary, NC). Least-squares (LS) means and SE were obtained 
for all three genotypes. 
Results 
Asp298Asn variation in porcine MC4R and the binding affinity of NDP-aMSH 
Our ligand binding study was performed using 125I-NDP-aMSH. The NDP-aMSH is a 
potent synthetic analog of aMSH, and can be iodinated while retaining biological activity to 
activate non-selective melanocortin receptors. Both cell lines stably expressing either 
298Asp(D) or 298Asn(N) MC4R showed strong specific binding to 125I-NDP-aMSH (Fig. 
1). 
When assayed for binding to 125I-NDP-aMSH, we used intact cells that were trapped in 
glass filters. Therefore, the similar binding detected between MC4R variants indicates that 
the variant did not affect expression of MC4R on the cell surface. To determine the relative 
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amount of MC4R protein that was expressed, western blot analysis was performed using 
antibodies to V5 and His epitopes on cell lysates. The result showed that both proteins were 
expressed at similar amounts (Fig. 2). 
298Asn MC4R transfected cells and accumulation of cAMP in response to NDP-aMSH 
To assess whether the Asp298Asn MC4R variants properly activate adenylyl cyclase in 
response to NDP-a-MSH, a synthetic agonist, we measured intracellular cAMP content 
after incubation with 10'10 - 10"6 M of NDP-aMSH for 30 min. The 298Asp MC4R 
transfected cells increased intracellular cAMP concentration in a NDP-aMSH 
concentration-dependent manner. In contrast, the 298Asn MC4R transfected cells did not 
exhibit any increase in intracellular cAMP content upon the NDP-aMSH stimulation (Fig. 
3). When those transfected cells were treated with 10"5 M forskolin, a direct activator of 
adenylyl cyclase, both transfected cells showed similar increases in cAMP production. 
Asp298Asn MC4R variation and biochemical characteristics of longissimus muscle 
The effects of the MC4R variant on biochemical characteristics of longissimus muscle 
are shown in Fig 4A. The 298Asp homozygous animals had significantly higher glycolytic 
potential (106.9 ± 1.61 vs. 101.9 ± 1.93 pimol/g) and lactate content (89.1 ± 1.23 vs. 84.9 
±1.49 fxmol/g) than did the 298Asn homozygous animals (P < 0.05). Although the 
differences were not significant, the 298Asn homozygous genotype animals had higher total 
lipid (3.3 ± 0.19 vs. 3.0 ± 0.18 %) and lower glycogen (8.4 ± 0.37 vs. 8.9 ±0.3 p,mol/g) 
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content in muscle than did the 298Asp homozygous animals. Phenotypic values of the 
heterozygous animals were intermediate between the two groups of homozygous animals. 
Asp298Asn MC4R variant and muscle fiber characteristics in pigs 
The effect of the MC4R variant on muscle fiber-types is presented in Fig 4B. 
Heterozygous animals had significantly higher percentage of type I fiber and higher ratio of 
lia to lib fiber-types as compared with Asp298Asn homozygous animals. The MC4R effect 
on muscle fiber-type appears to be consistent with previous results that genetic selection for 
leanness or growth in pigs has increased the percentage of type lib fiber compared with non-
selected pigs (21) as the MC4R homozygous animals were either leaner or had faster growth 
than the heterozygous animals. 
Discussion 
Over 15 different mutations have been identified in the human MC4R gene, which 
represents the best-characterized monogenetic cause of human obesity to date (5-9). 
Characterization of functional defects caused by naturally occurring human MC4R variants 
is an intensive area of research, because it may lead to clinical diagnosis and potential 
therapeutic targets for human obesity. Similarly, naturally occurring MC4R mutations in 
livestock animals have been identified as genetic markers for growth and fatness traits (10, 
22, 23). Comparative characterization of these mutations will be useful to determine 
functionally important structural amino acid residues in human MC4R. In addition, 
phenotypic trait associations with the identified mutations in animals can provide valuable 
insights into relevant human conditions. Therefore, this study was undertaken to determine 
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the functional properties of a naturally occurring Asp298Asn variant of porcine MC4R that 
was associated with obesity-related phenotypes in pigs. The Asp298 is conserved in all 
melanocortin receptor subtypes across species including humans. In contrast, the 298Asn is 
found in many other G-protein coupled receptors, but the porcine 298Asn MC4R is 
functionally inactive without impaired binding to agonist or cell surface expression. These 
functional features of the 298Asn MC4R in pigs are very unique, because many human 
MC4R mutations are found to be impaired in either cell surface expression or decreased in 
affinity for ligand binding (7-9). Interestingly, one of the MC4R variants, Pro299His, was 
found in an obese child. Agonist activation of 299His MC4R was totally abolished because 
of a decreased cell surface expression (7). This functional difference between the 298Asn 
MC4R in pigs and 299His MC4R in humans might be particularly surprising, given their 
close amino acid locations. A search of the NCBI protein database 
(http://www.ncbi.nlm.nih.gov/BLAST/) revealed that 299His is not conserved in any 
melanocortin receptor subtypes or in G-protein coupled receptors (24). These striking 
functional differences in the 299His residue in human MC4R is likely defective in 
trafficking and the 298Asn in pig MC4R is likely defective in G coupling, suggesting that 
the structure-function relationships of the G-protein coupled receptors may not be feasible to 
predict based on the given location. However, the comparative approach using available 
sequence homology between G-protein coupled receptors across species might be applicable 
to understand the structure and functional relationships, especially for certain amino acid 
variation within a receptor. 
Considerable physiological or metabolic information has been obtained from MC4R 
knockout mice (1-3), but the physiological role of the MC4R mutations is still largely 
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unknown. There is no existing data to suggest whether or not MC4R mutations are 
responsible for obesity-related skeletal muscle characteristics that may be critical for the 
development of obesity-induced diabetes. Obesity-related muscle characteristics will 
include changes in muscle fiber types and in glycogen and lipid contents. Because muscle 
characteristics have been intensively studied in domestic pigs for rapid muscle growth and 
many technologies have been developed to study muscle samples from living animals and 
postmortem, we could investigate the effects of MC4R mutations on muscle biochemical and 
fiber characteristics. Our results demonstrate that the 298N carriers have a reduced 
glycolytic potential that may be associated with insulin-resistant glucose metabolism and the 
MC4R variant may affect the composition of fiber types in muscle. These results correlate 
with hyperinsulinemia and hyperglycemia in MC4R knockout mice, but there were no 
previous data regarding the effect of the MC4R mutations on muscle characteristics. To our 
knowledge, this is the first report that suggests a possible role of MC4R in the determination 
of skeletal muscle characteristics. Further research is needed to clarify the physiological or 
hormonal mechanism of MC4R on the skeletal muscle characteristics. An integrated genetic 
and physiological approach in pigs will help to understand both clinical and genetically 
caused human fat deposition and obesity. 
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Fig. 1. Binding of 125I-NDP-ccMSH to 293 cells transfected with porcine MC4R variants. For 
the 293 cells not expressing MC4R (no transfection), specific binding was not detected. 
However, cells transfected with either 298D or 298N MC4R showed similar binding 
activity. Data points are means ± SE of duplicate samples from three separate experiments. 
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Fig 2. Immunodetection of MC4R proteins in Western blot of immunoprecipitated proteins 
from 293 cell lysates 
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Fig. 3. The cAMP production in 293 cells transfected with either 298D or 298N MC4R 
variants in response to various concentrations of NDP-aMSH stimulation. Data points are 
means ± SE of duplicate samples from three separate experiments. 
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animals had higher type I % and had higher ratio of lia to lib fiber types. (N = 511, DD = 
130, DN = 300, NN = 81, a-b: P < 0.01, c-d: P < 0.05). 
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CHAPTER 3. A COMPARATIVE STUDY OF OBESITY QTL AND 
CANDIDATE GENES IN THE PIG: A MODEL ORGANISM FOR 
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Abstract 
KIM, KWAN-SUK, HAUKE THOMSEN, JOHN BASTIAANSEN, NGUYET THU 
NGUYEN, KIMBERLY L. GLENN, JACK C. M. DEKKERS, GRAHAM S. 
PLASTOW AND MAX F. ROTHSCHILD. A comparative study of obesity QTL and 
candidate genes in the pig: a model organism for human genetics and physiology 
Objectives: To investigate positional candidate genes in regions of porcine quantitative 
trait loci for fat deposition and obesity-related phenotypes 
Research Methods and Procedures: Chromosome mapping and QTL analyses of obesity 
candidate genes were performed using DNA panels from a reference pig family. 
Statistical association analyses of these genes were performed for obesity phenotypes in 
several other commercial pig populations. 
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Results: Nine candidate genes were mapped to QTL regions of pig chromosomes in this 
study. These candidate genes also served as anchor loci to determine homologous human 
chromosomal locations of pig obesity QTL. Detailed analyses of relationships among 
polymorphisms of individual candidate genes and a variety of phenotypic measurements 
in a large number of pigs were performed. On the basis of available data, gene-gene 
interactions were studied. 
Discussion: Comparative analysis of genes of interest in the pig is useful to determine 
not only their effect on porcine obesity but also their possible roles in or effects on 
development of human obesity. 
Key words: candidate genes, QTL, animal model, pigs, obesity 
Introduction 
Molecular and genomic approaches have been applied to complex phenotypic traits 
such as fat deposition and obesity. These approaches have determined many genes or 
chromosomal regions contributing to the development of fat deposition and obesity-
related phenotypes in humans and animal models (1). Similarly, gene mapping and 
comparative genomic studies in the pig also have been conducted for an analysis of 
quantitative trait loci (QTL) with economic importance and an exchange of map 
information between species. More than 20 different pig QTL mapping populations have 
been developed by crossing phenotypically divergent founder breeds or populations to 
identify chromosomal regions or loci for economically important traits (2). Using those 
populations, several chromosomal regions or QTL were consistently found to be 
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important for pig growth and fat deposition traits. These identified QTL may explain the 
genetic differences between pig breeds or populations for the observed phenotypic 
differences. Pigs and humans share numerous physiological and phenotypic similarities 
for fat deposition and food intake (3). Therefore, identified chromosomal regions and 
genes that regulate lean growth in pigs might be applicable to studying the genetic basis 
of human obesity and other related health problems. The objectives of this study were 1) 
to investigate the comparative location of obesity-related genes in the pig genome and 2) 
to evaluate their roles in a variety of obesity-related phenotypes in pigs. Our results may 
provide useful insights into the role of candidate genes for genetic cause of human 
obesity and the biological link between obesity and other related medical problems like 
type 2 diabetes. 
Research Methods and Procedures 
Animals 
A three-generation pig family (4) and five commercial lines of pigs (5,6) were used in 
this study. The three-generation family of pigs was generated by an intercross between 
Berkshire and Yorkshire (B x Y) pig breeds to map genes affecting economic traits, and a 
total of 525 F2 animals were produced. These breeds were chosen for their divergence in 
growth and body composition phenotypes. The Berkshire breed is on average inferior for 
average daily gain, feed conversion ratio, backfat depth, loin muscle area, and carcass 
lean percentage. Details on the family structure and management of pigs were described 
previously (4). Pigs were harvested in a commercial facility when they approached 115 
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kg body weight. A second group of pigs from five commercial populations were also 
raised under contemporary production conditions at nucleus breeding farms in the United 
States and Europe. These populations of pigs include Landrace, Large White, Duroc, 
Duroc Synthetic, and Berkshire breeds. A detailed description of these commercial lines 
of pigs from PIC, an international pig breeding company, was given previously (5,6). 
Trait measurements 
Pig traits in this study were chosen for their direct phenotypic relevance to human 
growth and obesity. Traits measured on live F2 animals included birth weight, 16-day 
weight, average daily gain from birth to weaning, and average daily gain on test from 
weaning to slaughter (ADGTEST). After harvest, body composition traits were 
evaluated according to National Pork Producers Council guidelines (NPPC, 1991). Traits 
analyzed for QTL and association analyses were carcass weight, carcass length, tenth rib 
back fat (TENTHRIB), lumbar back fat (LUMBAR), last rib back fat (LASTRIB), 
average back fat (AVBFAT), longissimus (loin) muscle area. Details of trait 
measurements were described previously (4,7). Growth related phenotypes on the five 
commercial lines of pigs were collected from PIC, and body composition data were 
collected at a commercial facility. A description of phenotypes collected on commercial 
pigs is shown in Table 1. 
Candidate genes, polymorphisms, and genotyping 
Selection of candidate genes was based on biological roles of the genes and probable 
locations in QTL regions on pig chromosomes (Table 2). Five of these genes were 
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mapped in this study on pig chromosomes (AMP1, GHRL, HMGA1, HMGA2, and 
MC3R), whereas the rest had been previously mapped by using a set of European gene 
mapping families (the PiGMaP families) (8) or a somatic cell hybrid panel (9). The PGR 
reactions with regular Taq DNA polymerase, included 12.5 ng porcine genomic DNA, lx 
PGR buffer (Promega, Madison, WI, USA), 1.5 mM MgCh, 0.125 mM dNTP, 0.3 |-tM of 
each primer, and 0.35 U Taq DNA polymerase (Promega), in a 10-pl reaction volume. 
The temperature profile included 1 cycle of 94°C for 2 min, followed by 35 cycles of 
94°C for 30 s; Ta for 1 min; and 72°C for 1 min 30 s in a Robocycler (Stratagene, La 
Jolla, CA, USA). Annealing temperatures (Ta), primer sequences, and fragment sizes are 
given in Table 3. For AMP1, GHRL, HMGA1, HMGA2 and MC3R, the PGR products 
were directly sequenced to identify DNA polymorphisms. Amplicons were sequenced 
using dye terminators (PE Applied Biosystems, foster City, CA) on an ABI377 
automated sequencer. We used Sequencer software (Gene Codes, version 4.0.5, Ann 
Arbor, MI) to assemble sequences and to identify polymorphisms. The PCR-restriction 
fragment length polymorphism (RFLP) tests were used to genotype the identified 
polymorphisms in the candidate genes. After digesting with specific restriction enzymes 
that recognize polymorphic sites, the digested PGR products were separated on 3-4% 
NuSieve agarose (FMC, Rockland, ME) gels and stained with ethidium bromide. 
Locations of polymorphisms, restriction enzymes, and the digestion patterns are listed in 
Table 3. 
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Linkage, QTL mapping and statistical analysis 
The candidate genes were mapped to the B x Y family linkage map using the 
CRDVLAP (version 2.4) mapping program (10). The interval mapping method (11) was 
used to analyze QTL effects for growth and body composition traits. This analysis 
assumes that QTL are fixed for alternative alleles in the two breeds. Therefore, the QTL 
effects represent the average Berkshire allelic effect compared with the average 
Yorkshire allelic effect. 
Associations between candidate gene polymorphisms and growth and body 
composition traits were tested using mixed-model procedures (SAS procedure MIXED; 
SAS Institute). In the B x Y F2 population, the model included the fixed effects of live 
weight, gender, slaughter date, genotype and the random effect of dam. In the analyses 
of the commercial lines, the model included sire of the pig as a random effect and 
slaughter date, sex and candidate gene genotype as fixed effects. Line was added as a 
fixed effect for across line analyses. Least-squares (LS) means for genotypes were also 
obtained. 
Results 
Mapping of candidate genes in pig QTL regions 
The MC4R, HMGA1 and HMGA2 candidate genes were mapped to chromosomes 1 
and 7 at positions that contain several QTL for growth and fat deposition traits (Figure 
1A). These QTL regions are homologous to parts of human chromosomes 6, 9, 14, 15, 
and 18 (12,13). One of the notable QTL in the Berkshire and Yorkshire family was the 
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MC4R locus that is segregating a missense mutation previously shown to be associated 
with several obesity-related phenotypes (5) and this is the first QTL revealed in the 
MC4R region in animals. The existence of another QTL is suggested between HMGA2 
and SW974 in this study. A similar QTL pattern was previously reported in this region 
(14). There is also evidence that the region near the HMGA2 locus is maternally 
imprinted (15). For the SSC7 QTL, The HMGA1 mapped to the peak of the SSC7 QTL 
and there is QTL evidence all over this chromosome. 
For SSC6, no QTL was detected near the AGRP locus in the Berkshire and Yorkshire 
crossed family (Figure IB), but the region contained significant QTL for growth and fat 
deposition in an F2 cross using Meishan and Large White pig breeds (16). 
The GHRL and PPARygenes were mapped close to QTL on SSC13 for last rib 
backfat measurements, but no QTL was detected near the APM1 locus (Figure IB). It is 
interesting to note that the GHRL locus was located under a QTL peak for average daily 
gain on test (AGDTEST), although it did not reach significance (F value = 4.1). The 
SSC13 contains a large portion of homology with human chromosome 13, but several 
intrachromosomal rearrangements and extensive gene-order differences were observed 
(17). Further comparison of the two chromosomes can help to identify genes responsible 
for the reported human QTL on chromosome 3(18). 
Pig chromosome 17 has a notable QTL that is related to postmortem glucose 
metabolism in muscle, such as glycolytic potential and residual lactate content (7). Both 
AS1P and MC3R were considered as possible candidate genes and MC3R was localized 
under the QTL (Figure IB). The corresponding human chromosomal region, 20qll-ql3, 
has been reported for the linkage to diabetes and obesity (19-21). 
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Individual association analyses in F2 and commercial populations 
Many significant associations were found between the genotype of candidate genes 
and obesity phenotypes (Table 4). Some of these associations were consistent with the 
functional role of the candidate genes in other studies. 
As reported in a previous study (5), MC4R was associated with lifetime growth and 
backfat thickness differences in the Berkshire and Yorkshire crossed family. 
Additionally, the same MC4R polymorphism was associated with carcass length (similar 
to height in humans). Phenotypic association of the MC3R polymorphism with growth 
rate on test, and backfat thickness traits was similar to that of the MC4R polymorphism. 
The MC3R genotype was also associated with birth weight and loin muscle area. Marked 
phenotypic differences associated with MC3R and MC4R loci were found when both 
genes were tested in the Landrace population (Table 5). The Mnll MC3R polymorphism 
was found only in this commercial population. The genotypes of both genes were clearly 
associated with similar phenotypes in the Landrace population, but they were quite 
different in the manner of the association. First, the MC3R association was dominant, 
while the MC4R was clearly an additive effect. Second, the MC3R genotype was 
significantly associated with the skeletal muscle mass measurements, but it was not 
associated with backfat measurements. However, the MC4R genotype was associated 
with fat deposition and not muscle mass. These results suggest that the MC3R locus or a 
closely linked locus might play a physiological role associated with variation in the 
skeletal muscle mass. 
Two HMGA1 polymorphisms were tested in the B x Y family and commercial 
populations. In the B x Y family, the Banl HMGA1 polymorphism was significantly 
46 
associated with adipose mass (mainly measured as backfat thickness) (Table 4). This 
association was consistently found in other commercial pig populations with the Nael 
polymorphism (Table 6). The HMGA1 genotype did not have a consistent association 
with growth-related phenotypes across populations (data not shown), so the role of the 
HMGA1 locus might be limited to the promotion of lipogenesis. The phenotypic 
difference by the HMGA1 genotype on fat deposition was not significant in the pure 
Duroc-based population, but it might be due to low frequency of the genotype. There is a 
clear association in the Duroc crossed synthetic commercial population. 
The pig HMGA2 is located close to the MC4R locus, but it was associated with 
different fat measurement traits than MC4R (Table 7). For example, the MC4R genotype 
was significantly associated with tenth rib backfat (P<0.02), but it was not significantly 
associated with last rib backfat (P<0.29). However, the significant association of 
HMGA2 genotype was with last rib fat measurement (PcO.Ol), not with tenth rib fat 
(P<0.26). This result suggests that there might be at least two different genes or loci 
involved for the fat QTL on SSClq. The same HMGA2 polymorphism appeared to be 
associated with an optical probe fat measurement (BF-OP, PcO.Ol) and two growth 
measurements (P<0.09) in a Duroc based commercial population (Table 7). The pigs 
from the Duroc population were mostly homozygous for the fat allele of the MC4R, so 
this result suggests that the HMGA2 polymorphism might be linked to another fat 
deposition and growth QTL residing on SSClq. It is also interesting to note that the 
mode of the HMGA2 effect is mostly overdominant. A similar phenotypic association of 
the HMGA2 genotype on body composition and growth was found in other populations 
(Table 7), but the HMGA2 effect was quite variable depending on the population. 
47 
The Bsrl GHRL polymorphism was mostly found in a Berkshire population and it 
was shown to be associated with several traits in the population (Table 8). Interestingly, 
it was associated with bone-in loin and ham muscle weights in the Berkshire population, 
but not with boneless muscle weight (Table 8). As synthetic GHRL treatment in rodents 
has increased fat and bone mass (22), this result might suggest a possible role of the 
GHRL gene on bone mass. 
Some phenotypes were found to be associated with AGRP, APM1, or AS1P 
polmorphisms in the B x Y family and in other commercial pig populations, but the cases 
were not strong and consistent across populations (data not shown). 
Multiple candidate gene analyses in F2 and commercial populations. 
We investigated possible interactions among candidate genes in the identified QTL 
regions of the B x Y family and evaluated the interactions in the commercial populations. 
Two candidate genes, MC4R and HMGA1, were tested for a possible interaction as both 
have shown consistent phenotypic associations across several pig populations. In the B x 
Y family, the 10th rib backfat measurement that had been associated with the MC4R 
genotype in the previous study (5) was used to examine an interaction. The combined 
analysis clearly showed an additive effect of the MC4R genotypes in the homozygous 
HMGA1 genotypic background, but there was an interaction between the heterozygous 
HMGA1 genotype and the allele 2 homozygous MC4R genotype in the B x Y family 
(Table 9A). The combined analysis in several other commercial populations also showed 
a consistent additive effect of two genes without interaction (Table 9B). 
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The phenotypic association of the combined MC4R and HMGA2 genotypes was also 
tested in the B x Y family and commercial populations. These two genes are closely 
mapped on SSClq in this study, but no significant interaction was detected between the 
genotypes of these two genes in the B x Y family. However, the HMGA2 genotype was 
more associated with muscle mass while the MC4R genotype was more associated with 
adipose mass (Table 10). An interaction was found between genotype and population 
when tested for both the MC4R and HMGA2 genes in the across line analysis (data not 
shown). This might be due to heterozygous composition of the haplotypes between the 
MC4R and the HMGA2 polymorphisms across populations. Therefore, further analysis 
using the haplotypes will be needed to determine the mode of the phenotypic effects of 
combined genotypes of MC4R and HMGA2 genes. The interaction between the HMGA1 
and HMGA2 genotypes was tested in commercial populations, but there was no strong 
case of interaction detected (data not shown). 
Another gene-gene interaction was studied between MC3R and MC4R in the B x Y 
family. The interaction analyses between MC3R and MC4R gene showed a significant 
interaction for early growth but these results probably resulted from the strong 
association of the MC3R genotypes with the birth weight which is positively associated 
with early growth (Table 11). 
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Discussion 
The present study focused on QTL regions with candidate genes known to be 
associated with human obesity (Figure 1). Several candidate genes were successfully 
localized within the pig QTL and the comparative location of these candidate genes can 
be considered as anchor loci to find the homologous human chromosomal locations. 
More recent development of ordered comparative gene maps by using a radiation hybrid 
panel (23,24) or constructing a BAC library contig (25) has improved the map density in 
the specific regions of the pig genome to identify map-based positional candidate genes 
and to determine the precise location of the corresponding human chromosomal regions 
for the pig QTL. Of special interest for future analysis using these recent tools would be 
pig chromosome lq in which several human chromosomes are contained and the human 
genes are rearranged in a complicated manner. It is interesting to note that pig 
chromosome lq QTL near the HMGA2 locus in the B x Y family appears to be imprinted 
(15) and the HMGA2 phenotypic effects appear to be overdominant which can be due to 
imprinting. Pig chromosome lq contains the human chromosomal region HSA15qll-13 
that causes "Prader-Willi syndrome", the imprinted genetic obesity syndrome in humans, 
but the individual genes responsible for the syndrome are largely unknown (26). 
Results from the detailed analyses (Tables 4-8) of relationships between 
polymorphisms of candidate genes and a variety of phenotypic measurements agreed 
with results from human and other animal studies and could provide important insights 
into the role of biological candidate genes on obesity and other related metabolic 
disorders. 
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Certainly, many different genes or loci contribute to the development of obesity, and 
interactions between those genes would be expected to be common. However, the 
largely unknown mode of individual gene action and the number of genes involved 
makes it difficult to study the mode of the interaction in humans. We examined 
interactions between some candidate loci (Table 8-11). Our results suggest that this type 
of analyses with porcine candidate genes might provide some reasonable speculation for 
probable interactions between homologous human chromosomal regions. For example, 
both HMGA1 and MC4R were significantly associated with a fat deposition 
measurement, but their effects were assumed to be independent from each other because 
they have different biological roles and pathways. The additive mode of inheritance for 
both genes appeared to be correct in several pig populations. It was interesting to see the 
MC3R effect on birth weight and the probable dominant effect on growth in a commercial 
pig population. It is assumed that imprinting is detected in this region from the QTL 
analyses of the Berkshire and Yorkshire crossed family (15), and the dominant effect 
seen in the commercial population could result from imprinting. 
This study is the first large-scale analysis of obesity genes using pig QTL to provide 
comparative information on the roles or effects of candidate genes for development of 
human fat deposition and obesity. This study also demonstrate the usefulness of using 
pigs to further integrate the various research components such as genetic, genomic, and 
physiological experiments for other related disorders like diabetes. 
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Table 1. Description of trait measurements on commercial lines of pigs. 
Traits Methods of measurements 
Fat deposition 
measurements 
Back fat measured 
using optical probe 
(mm) (FAT-OP) 
Henessey grading probe (HGP) is an automatic recording probe 
to measure backfat thickness. It is inserted 6 cm from the dorsal 
mid-line, level with the head of the last rib. 
Back fat measured 
using ultrasound 
technology (mm) 
(FAT-UT) 
Ultrasound imaging is used to measure last rib fat depth on live 
animals. The last rib was located by palpation and measured at 
locations 5 cm and 7.5 cm from the dorsal midline, respectively. 
Growth-
related 
measurements 
Life time daily gain 
(g/day) (Grow-L) 
Life time daily gain evaluates average daily gain from birth to 
harvest as g/day. 
Daily gain while on test 
(g/day) (Grow-T) 
On-Test daily gain evaluates average daily gain after weaning to 
harvest as g/day 
Muscle 
characteristics 
measurements 
Marbling 
Visual assessment of the amount of intramuscular fat 
interspersed within the loin muscle tissue by one or multiple 
trained evaluators. Scores range 1 to 5. For example, marbling 
score 1.0 = 1 % intramuscluar fat within a cut. 
Lean 
composition 
measurements 
Muscle depth (mm) 
(MD) 
The optical grading probe measures the muscle depth between 
the 3r and 4th from last rib. 
Lean mass % (LeanM) The prediction equations include last rib fat thickness, loin 
muscle area, and carcass weight. 
Bone and 
muscle 
composition 
measurements 
Bone-In (BIL) and 
boneless loin (BLL) 
muscle weights (kg) 
The loin was split at the 3rd/4th last rib and the section was 
weighed. The loin was trimmed of skin and ribs and bones 
were removed, and then the boneless loin weighed. 
Bone-In (BIH) and 
boneless (BLH) ham 
muscle weights (kg) 
The ham was split from the middle, two-thirds of the distance 
from the aitch bone to the first vertebrae. The ham was trimmed 
off and then weighted. After bones removed, the resulting 
boneless ham was weighed. 
Table 2. Candidate genes and their comparative locations. 
Gene name and description Human 
Chromosome* 
Pig 
chromosome 
Reference 
ASIP Agouti signaling protein 20qll.2 
AGRP Agouti-related protein 16q22 
APM1 Adiponectin 3q27 
GHRL Ghrelin 3p26-p25 
HMGA1 High mobility group AT hook 1 6p21 
HMGA2t High mobility group AT hook 2 Unknown^ 
similar sequence fragment 
MC3R Melanocortin-3 receptor 20ql3.2 
MC4R Melanocortin-4 receptor 18q22 
PPARy Peroxisome proliferator 3p25 
activated receptor y 
17q21 
6pl2-pl4 
13 
13 
7 
1 
17 
lq22 
13q23-q41 
27 
28 
12 
29 
*These data were taken from NCBI database (http://www.ncbi.nlm.nih.gov/). 
tThe PCR fragment, spanning exon 5 and 3UTR, showed about 79% identity at the DNA level to corresponding human HMGA2 
sequence. 
tThe human HMGA2 maps to chromosome 12ql5, so that pig HMGA2 was expected to map on pig chromosome 5, a region 
corresponding to human chromosome 12q. The discrepancy could simply suggest the presence of a HMGA2 pseudogene on pig 
chromosome 1. Alternatively this might point to a possible chromosomal rearrangement (or break) within the pig HMGA2 genes 
since HMGA genes have been evolved through gene duplication and exon shuffling events and the human HMGA2 gene is 
known to contain chromosomal breakpoints associated with many cancers. 
Table 3. PGR primers, amplification conditions, polymorphism locations, and restriction enzymes used in this study. 
Gene Primer sequences 
(5'->3') 
Fragment 
size (bp) 
TaCC) Polymorphism 
locations 
Restriction 
enzymes 
Size of the allelic 
polymorphisms 
ASIP 
(27) 
TACTGGTATGCCTGTGCTTCTTC 
TTTGCCATTGAAAAGAGTTCTGT 
500 52 intron 2 Ddel 150 and 110 
AGRP 
(28) 
CATGGTACCTGGTGTCCCAGAC 
GTGGTTCTGCCCTCACATCATC 
600 56 intron 2 DrdI 600 and 450 
APM1 AAGTCAGCTCCATCTCCACA 
GCGTAGTCACCCCTAACCTC 
420 56 3'UTR M boll 130 and 80 
GHRL GTTGGGATCAAGTTGTCAGG 
GAC TCCCAGGAAC TTGGAAT 
140 56 exon 3 BsrI 140 and 80 
HMGA1 AGAAGGAGCCCAGCGAAGT 
ACAGTGCTCACCCAATGGC 
760 62 exon 6, 
intron 5 
BanI, 
Nael 
680 and 630 
700 and 580 
HMGA2 GATAGGAC TAGATACAAC TTAC 
GGATATATTGCATCTCTGGC 
660 52 3'UTR Hhall 400 and 370 
MC3R GCCTCCATCTGCAACCTCT 
AGCATGGCGAAGAAGATGAC 
190 56 exon Mnll 190 and 165 
MC4R 
(12) 
TACCCTGACCATCTTGATTG 
ATAGCAACAGATGATCTCTTTG 
230 56 exon TaqI 220 and 150 
PPARy 
(29) 
ATGGTTGACACCGAGATGCCG 
TGCTACTGAGAGATTAATC 
290 54 exon 2 BsrI 290 and 180 
Numbers in parenthesis are references. 
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Table 4. P values for association analyses of candidate genes with growth- and obesity-
related phenotypes from the offspring in the B x Y family. 
P-values were given for the test of phenotypic difference among genotypes. Those in 
bold are significant. 
ASIP GHRL HMGA1 HMGA2 MC3R MC4R 
Birth weight 0.27 0.36 0.13 0.44 0.006 0.88 
16-day weight 0.04 0.23 0.76 0.8 0.4 0.014 
Average daily gain to weaning 0.08 0.43 0.86 0.78 0.74 0.06 
Average daily gain on test 0.27 0.007 0.002 0.3 0.0003 0.017 
Average back fat 0.2 0.11 <.0001 0.05 0.06 0.09 
Lumbar back fat 0.29 0.12 <.0001 0.09 0.06 0.1 
Last rib back fat 0.28 0.82 0.0003 0.01 0.36 0.29 
Tenth rib back fat 0.27 0.005 0.02 0.26 0.05 0.02 
Carcass weight 0.0005 0.03 0.008 0.75 0.09 0.007 
Carcass length 0.75 0.08 0.017 0.02 0.71 0.0008 
Loin muscle area 0.05 0.09 0.37 0.002 0.0002 0.63 
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Table 5. Association results of hypothalamic melanocortin receptor genes with 
phenotypes in a Landrace pig population, (a-b: P < 0.1, c-d: P < 0.05, e-f: P < 0.01). 
No. animals Genotype LSmeans (s.e.) 
Trait* 11 12 22 11 12 22 P< 
Grow-L 119 259 142 658.1 (4.65) e a 668.4 (3.57) f 665.1 (4.04) b 0.11 
Grow-T 93 197 129 885.4 (8.23) c a 902.3 (6.28) d 896.2 (7.15) b 0.16 
FAT-OP 109 242 133 13.23 (0.27) 13.10(0.21) 13.00 (0.25) 0.78 
MC3R FAT-UT 119 259 142 12.53 (0.37) 12.75 (0.29) 12.78 (0.34) 0.83 
BLL 69 155 84 7.08 (0.09) a 7.22 (0.08) b 7.16(0.09) 0.32 
BLH 68 153 83 4.32 (0.05) e 4.45 (0.04) f c 4.36(0.05) d 0.02 
Marbling 81 192 114 1.68 (0.06) c 1.67 (0.04) e 1.82 (0.05)d f 0.04 
Grow-L 138 89 24 669.0 (5.76) a 668.8 (6.90) a 682.0 (12.4)b 0.55 
Grow-T 100 55 12 888.5 (10.2) c 892.7 (12.2) a 925.8 (21.9)db 0.24 
BF-OP 133 87 24 12.79 (0.30)e a 13.53 (0.33)f 13.47 (0.54)b 0.10 
MC4R BF-UT 138 89 24 12.71 (0.43) a 13.17 (0.49) 13.80 (O.BO)b 0.38 
BLL 109 73 20 7.18 (0.08)a 7.07 (0.09)b 7.04 (0.15) 0.48 
BLH 109 71 20 4.36 (0.05) 4.36 (0.06) 4.31 (0.09) 0.81 
Marbling 136 87 24 1.79 (0.06) 1.74(0.06) a 1.91 (0.10) b 0.28 
* Trait descriptions and units are shown in Table 1. Significant phenotypic difl 
between genotypes are in bold. 
erences 
Table 6. Association results between the Nael HMGA1 genotype and backfat 
measurements in four commercial populations. 
No. animals Genotype LSmeans (s.e.) 
Trait* 11 12 22 11 12 22 P< 
Landrace 
BF-OP 215 219 45 12.77 (0.21) e 13.40 (0.22)f 13.77 (0.41)f 0.014 
BF-UT 234 250 58 12.75 (0.28) 12.78 (0.29) 13.26 (0.51) 0.62 
Large 
White 
(LW) 
BF-OP 86 150 79 13.66 (0.39)a i 14.12 (0.32)be 14.95 (0.37)j f 0.012 
BF-UT 98 170 90 12.95 (0.41)a i 13.42 (0.32)be 14.40 (0.39)j f 0.009 
Duroc (D) BF-OP 157 72 10 13.83 (0.36) 14.25 (0.47) 14.44(1.88) 0.67 
BF-UT 176 77 13 12.65 (0.27) 12.68 (0.35) 12.10(1.37) 0.92 
D (3/4) x 
LW (1/4) 
BF-OP 128 245 109 15.41 (0.37) c 15.45 (0.29) e 16.31 (0.39)d f 0.06 
BF-UT 148 274 119 13.35 (0.32)c i 13.98 (0.26)d 14.68 (0.36)j c 0.010 
* Trait descriptions and units are shown in Table 1. 
60 
Table 7. Association results between the HMGA2 genotype and phenotypic measurement 
in three commercial populations. 
No. animals Genotype LSmeans (s.e.) 
Trait* 11 12 22 11 12 22 P< 
BF-OP 6 60 186 13.83 (0.99) a 12.53 (0.37)be 13.35 (0.27)f 0.07 
BF-UT 6 61 192 12.89 (1.46) 12.74 (0.53) 12.99 (0.38) 0.9 
Landrace 
LeanM 5 51 135 46.07 (0.49)ea 47.16 (0.19)fg 46.67 (0.15)bh 0.01 
MD 6 60 186 53.44(2.97) 56.45 (1.08) c 54.58 (0.80) d 0.2 
Grow-L 6 61 192 638.0 (23.1)a 661.8 (6.93) c 674.2 (5.63)bd 0.09 
Grow-T 3 43 126 850.1(41.0)a 875.2(12.1)e 900.9(9.76)bf 0.08 
BF-OP 12 66 69 14.27 (0.75) 14.21 (0.41) 14.62 (0.41) 0.63 
BF-UT 12 68 72 12.56 (0.88)a 13.27(0.47) 13.61 (0.47) b 0.49 
Large 
White 
(LW) 
LeanM 12 50 39 46.11 (0.32) 46.25 (0.19) 46.11 (0.2) 0.8 
MD 12 66 69 52.27 (2.12) 54.33 (1.07) a 52.53 (1.09) b 0.27 
Grow-L 12 68 72 670.2 (11.2)a 677.3 (5.89) i 658.0 (5.21)bj 0.009 
Grow-T 11 61 71 877.7(19.3)a 876.9(9.85) g 848.3(8.78)bh 0.02 
BF-OP 46 46 34 14.71 (0.67) i c 12.58 (0.59)j 14.44 (1.88)d 0.01 
BF-UT 50 49 35 12.73 (0.49) a 11.92 (0.43) b 12.47 (0.49) 0.37 
Duroc (D) LeanM 14 31 23 45.76 (0.5 l)a 46.54 (0.4)b 46.55 (0.4l)b 0.28 
MD 46 46 34 52.03 (1.57) a 53.58(1.31) 54.72 (1.45) b 0.42 
Grow-L 50 49 35 648.1 (10.8)a 636.5 (9.60)b e 660.9 (10.9)bf 0.09 
Grow-T 49 48 33 836.9(19.4)a 816.2(17.0)be 860.8 (19.5)bf 0.09 
* Trait descriptions and units are shown in Table 1. Significant differences are in bold. 
Table 8. Association results between the GHRL genotype and phenotypic measurements 
in a Berkshire population. 
No. animals Genotype LSmeans (s.e.) 
Trait* 11 12 22 11 12 22 P< 
BIL 9 13 28 16.84 (0.60) e 18.81 (0.52) f 17.44 (0.35) e 0.06 
BIH 9 13 27 22.11 (0.39) a e 21.23 (0.30) b 21.18 (0.21) f 0.101 
Marbling 10 16 35 3.65 (0.29) c e 2.91 (0.25) d 2.88 (0.17) f 0.07 
BF-OP 10 24 40 23.66 (1.37) e a 27.43 (1.00)f a 25.74 (0.76) b 0.08 
* Trait descriptions and units are shown in Table 1. Significant differences are in bold. 
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Table 9. Combined association results of MC4R and HMGA1 for 10th rib backfat 
thickness (mm) in the B x Y family (Table A) and Henessey probe backfat thickness 
(mm) in overall commercial populations (Table B). The Berkshire breed has 
considerably more fat deposition; so, F2 animals of the B x Y family may have as much 
as twice level of backfat thickness compared to commercial populations of pigs. 
A 
The B x Y F2 animals 
No. animals 22 
BanI HMGA1 genotype 
12 11 
11 28.6 (1) 50 
30.3 (1) 
58 
31.8 (1.9) 
11 
MC4R 
Genotype 12 
30.5 (0.8) 
92 
32.4 (0.8) 
145 
32.4 (1) 
62 
22 32.1 (1.2) 31 
29.0 (01.3) 
28 
33.8 (1.6) 
15 
P values MC4R 
0.18 
HMGA1 
0.05 
Interaction 
0.03 
B 
Combined analysis of several populations 
No. animals 11 
NaeI HMGA 1 genotype 
12 22 
11 13.20 (0.47) 72 
13.48 (0.44) 
78 
13.90 (0.52) 
44 
MC4R 
Genotype 12 
13.76 (0.42) 
76 
14.26 (0.38) 
101 
15.00 (0.41) 
75 
22 13.60 (0.45) 66 
14.61 (0.39) 
119 
15.05 (0.41) 
84 
P values MC4R 0.013 
HMGA1 
0.009 
Interaction 
0.74 
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Table 10. Combined association results of both MC4R and HMGA2 for Henessey probe 
muscle depth thickness (mm) and backfat thickness (mm) in overall commercial 
populations. 
Muscle depth 
measurement 11 
HMGA2 genotype 
12 22 
11 59.53 (2.27) 40 
55.25 (2.26) 
43 
62.03 (2.74) 
14 
MC4R 
Genotype 
56.95 (2.58) 
18 
56.55 (2.0) 
76 
59.28 (2.04) 
73 
22 58.68 (2.01) 78 
55.95 (1.91) 
132 
57.17(1.93) 
70 
P values MC4R 0.42 
HMGA2 
0.004 
Interaction 
0.17 
Backfat thickness 
measurement 11 
HMGA2 genotype 
12 22 
11 12.86 (1.03) 40 
11.79 (1.04) 
43 
11.79 (1.22) 
14 
MC4R 
Genotype 
12.74 (1.15) 
18 
12.92 (0.92) 
76 
13.75 (0.94) 
73 
22 13.37 (0.93) 78 
13.50 (0.88) 
132 
13.98 (0.89 
70 
P values MC4R 0.04 
HMGA2 
0.56 
Interaction 
0.47 
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Table 11. Combined association results of both MC3R and MC4R for birth weight, 16-
day weight (kg), average daily gain to weaning (kg/day) and average daily gain on test 
traits in the B x Y family. 
Traits MC3R 
genotypes 11 
MC4R genotype 
12 22 
Birth weight 
(kg) 
11 
12 
1.51 (0.04) 
120 
1.72 (0.98) 
10 
1.50 (0.04) 
258 
1.63 (0.2) 
53 
1.59 (0.05) 
69 
1.54(0.38) 
12 
P values MC3R 0.05 
MC4R 
0.68 
Interaction 
0.1 
16-day 
weight (kg) 
11 
12 
4.79 (0.16) 
5.54 (0.4) 
4.84 (0.14) 
5.09 (0.2) 
5.43 (0.18) 
4.65 (0.38) 
P values MC3R 0.7 
MC4R 
0.65 
Interaction 
0.01 
Average daily 
gain to 11 0.23 (0.01) 0.23 (0.01) 0.26 (0.01) 
weaning 
(kg/day) 12 0.26 (0.02) 0.24 (0.01) 0.21 (0.02) 
P values MC3R 0.99 
MC4R 
0.66 
Interaction 
0.02 
Average daily 
gain on test 
(kg/day) 
11 
12 
0.68 (0.008) 
0.70 (0.018) 
0.68 (0.007) 
0.70 (0.009) 
0.71 (0.009) 
0.72 (0.016) 
P values MC3R 0.05 
MC4R 
0.02 
Interaction 
0.53 
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Figure 1. Comparative analyses of pig obesity QTL with homologous human chromosomes and candidate genes. The 
chromosomal comparison between human and pig was based on previous chromosomal painting work (30). A. Pig chromosomes 
1 and 7 QTL correspond to part of human chromosomes 6,9 (not shown), 14,15, and 18. B. Pig chromosomes 13 and 17 QTL 
correspond to human chromosomes 3 and 20. No QTL was detected at the AGPR locus of pig chromosome 6. GW and CW 
thresholds are genome-wide and chromosome-wide thresholds, respectively. 
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CHAPTER 4. EVIDENCE OF POLAR O VERDOMIN AN CE 
IMPRINTING EFFECTS IN PIGS AND MAPPING OF THE PORCINE 
DLK1 GENE 
A paper to be submitted to Mammalian Genome 
Kwan-Suk Kim, Jong-Joo Kim, Jack C. M. Dekkers, Hauke Thomsen*, and Max F. 
Rothschild 
Department of Animal Science, Iowa State University, Ames, IA 50011, USA 
* Present address: Vereinigte Informationssysteme Tierhaltung w.V. (VIT), Heideweg 1 
D - 27283 Verden / Aller, Germany 
The polar overdominance model of inheritance was proposed to explain the callipyge 
(CLPG) phenotype in sheep that is expressed as a nonmendelian inheritance pattern: only 
heterozygous individuals having inherited the callipyge mutation from their sire exhibit 
muscular hypertrophy (Cockett et al., 1996). The causative mutation of this unique parent-
of-origin and heterozygoute-specific phenotype has been recently determined by sequencing 
the ovine genomic region that was carrying the callipyge locus. A single nucleotide 
polymorphism (SNP) found in a part of the novel transcript referred to as GLPGl was 
identified to be responsible for the callipyge phenotype based on its genomic location and 
allelic concordance (Freking et al., 2002; S mit et al., 2003). However, the biological roles 
of the GLPGl transcript or the functional roles of its mutation are largely unknown and the 
existence of polar overdominance in other mammals is unclear. It was suggested that the 
identified callipyge mutation might regulate expression of other imprinted genes in the 
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region and this may cause the observed polar dominance (Charlier et al., 2001b). Of 
particular interest among imprinted genes in that region is the Delta like 1 (DLK1) gene, also 
known as 'preadipocyte factor-1' (PREF1), which is paternally expressed in mice (Schmidt 
et al., 2000; Takada et al., 2000), humans (Wylie et al., 2000), and sheep (Charlier et al., 
2001a). Mice lacking the normal paternal Dlkl allele display growth retardation, obesity, 
blepharophimosis, skeletal malformation, and increased serum lipid metabolites (Moon et al., 
2002). The DLK1 gene is over-expressed in the skeletal muscle of sheep with the callipyge 
phenotype (Charlier et al., 2001b). The physiological roles of the DLK1 gene suggest that it 
is in part responsible for the observed callipyge phenotype. Therefore, we determined the 
linkage locations of the porcine DLK1 gene and investigated whether the porcine DLK1 
locus plays a role in imprinting or parental origin effects in the Iowa State University 
Berkshire and Yorkshire intercross. Here, we report evidence that the inheritance 
mechanism of polar overdominance might exist in the pig genome and that the DLK1 locus 
or closely linked loci might have a polar dominance imprinted role for the variation in 
growth and body composition traits. 
Primers for use in the PCR were designed from partial cDNA sequence of porcine DLK1 
(Genbank acc. BI337629). The primer sequences were as follows: forward, 5'-TCA, TGA, 
CCA, ACA, GCT, GCA, TC-3' and reverse: 5'-GTA, GCG, GAG, GTT, GGA, CAC, C-3'. 
The PCR reaction was performed using 12.5 ng of porcine genomic DNA, lx PCR buffer, 
1.5 mM MgClz, .125 mM dNTP, .3 JJ.M of each primer, and .35 U Taq DNA polymerase 
(Promega, Madison, WI) in a 10-|iL final volume. The PCR profile included 2 min at 94°C, 
35 cycles of 30 sec at 94°C, 1 min at 60 °C, 1 min at 72 °C, and a final 15 min extension at 
72 °C in a PTC 200 thermocycler (MJ Research, Watertown, MA). The PCR products (490 
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bp) were sequenced at the DNA Sequencing Facility, Iowa State University (Ames, IA). 
The obtained porcine genomic sequence (Genbank acc. AY172651) showed approximately 
87% exonic identity to the corresponding ex on 5 in the human DLK1 gene. Sequence 
analysis of the founder animals of the Berkshire and Yorkshire intercross (Malek et al., 
2001) detected two single nucleotide polymorphisms (SNPs) in the coding region of the 
porcine DLK1 gene; one is a missense mutation (Lys215Glu), and the other is a silent 
mutation. No restriction enzymes were available to directly determine either SNPs. 
However, a reverse primer could be redesigned to introduce a BaeI restriction fragment 
length polymorphism (RFLP) for the second SNP; the primer sequences, 5'-TAT GCT GCA 
GGC AGG TAC CC-3', and PCR conditions were the same as above. 
Genotypes of the Bae I RFLP in the animals from the Berkshire and Yorkshire intercross 
were analyzed for two-point and multi-point linkage using CRIMAP 2.4. Significant 
linkages of DLK1 were obtained with microsatellite markers SW764 (recombination fraction 
= 0.06 and LOD = 129.62) and SOI01 (recombination fraction = 0.25 and LOD = 27.57) on 
chromosome 7, and the order is as follow: SOI01- SW764-DLK1. This result is consistent 
with the comparative map between human 14 and pig chromosome 7 (Goureau et al., 2000). 
In order to detect phenotypic effects of the DLK1 locus, both QTL and association 
analyses were carried out in the Berkshire and Yorkshire crossed family. The QTL analysis 
was performed according to Haley et al. (1994) to find map positions with major phenotypic 
effect. There was no significant mendelian QTL detected in the DLK1 locus (data not 
shown). We then tested associations of the DLK1 genotypes with phenotypes in the F2 
animals of the family because the association analysis can detect smaller phenotypic effect 
with more statistical power. We found significant associations of the DLK1 genotypes with 
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fat deposition and glycogen content traits (Table 1). Some of the single gene analyses 
results appeared to be consistent with results of the QTL analysis. For example, QTL for 
marbling, glycogen content and glycolytic potentials were also found in the telomeric region 
of the chromosome near the DLKl locus, but they did not reach chromosome-wide 
significant threshold (F values = 4, 2.9, and 2.5 respectively). The size of additive effects 
was similar between the single gene association and QTL analyses. In general, the 
Berkshire breed pigs have greater marbling and higher average backfat thickness, but have 
lower muscle glycogen content than the Yorkshire breed pigs. The two Berkshire grandsires 
were DLKl allele 2 homozygous genotypes and eight of the nine Yorkshire granddams were 
allele 1 homozygous genotypes. The allele 2 homozygous genotype is associated with 
significantly higher marbling score, lower average glycogen and lactate content, and lower 
average glycolytic potential than the allele 1 homozygous genotype. Therefore, the 
observed DLKl genotypic effects on these traits (Table 1) can be considered as genetic 
segregation of the founder breed QTL effects by incomplete linkage disequilibrium between 
the QTL and DLKl loci. However, it cannot explain the association of the heterozygous 
genotype F2 pigs with specific phenotypes. The heterozygous genotype in the F2 pigs was 
completely overdominant for most of these phenotypes and they also had significantly lower 
average backfat thickness than that of the two homozygous genotype pigs. Therefore, we 
further investigated if there is an imprinted effect of the porcine DLKl region on these traits. 
To do this, we established grandparental genetic haplotypes for SW764 and DLKl, and 
determined the F1 parental origin of the DLKl alleles in the offspring. The parental origin 
of the DLKl alleles was traceable in most of the F2 pigs because their parents were 
heterozygous for different sets of the haplotypes. We then analyzed associations of DLKl 
70 
alleles by parental origin. In this analysis, we discovered strikingly similar genotypic effects 
on growth and body composition traits with the callipyge locus in sheep (Cockett et al., 
1996; Freking et al., 1998). Estimates of the four possible parental origin genotypic effects 
revealed that pigs with a paternally transmitted allele 2 and a maternally derived allele 1 (21 
genotype) had significantly higher growth rate after birth and lower backfat thickness than 
pigs with other parental genotypic combinations (Table 2). In contrast, animals with 12 
genotype were slower in growth and lower backfat thickness and the differences were 
significant for birth weight and average daily gain on test. 
Intrigued by these association results, we further developed the QTL model to find QTL 
with a polar overdominance mode of gene action. This QTL analysis found several 
significant polar overdominace QTL for birth weight (F = 8.2), average backfat thickness (F 
= 7.3) and lumbar backfat thickness (F = 8.59) and evidence of polar overdominance for 16-
day weight (F = 4.4) and weaning weight (F = 3.4) near the DLKl locus (Table 3). Both 
imprinting and dominance effects of DLKl locus found on growth and fat deposition traits 
may provide important insights into biological roles of this imprinted region and parental 
genomic influence on the progeny growth. In the association analysis of DLKl genotype, 
we found a maternally derived DLKl allele (allele 1) was significantly associated with 
decreased birth weight. In contrast, a paternally derived allele (allele 2) was found to be 
associated with increased birth weight (Table 2). Using imprinting and polar overdominant 
genetic models, the maternally derived genomic suppression of prenatal and postnatal 
growth in the DLKl region supports the hypothesis of 'intergenomic conflict' that the 
paternally derived genome should be enhancers of pre- and post-natal growth, while those 
expressed from the maternally derived genome should be growth suppressors (Moore and 
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Haig, 1991). In addition, the fact that the maternal genomic region responsible for 
decreased prenatal and postnatal growth was origined from Berkshire breed might provide 
some biological explanation for slower growth in Berkshire pigs. 
Paternal expression of the DLKl allele 2 showed a significantly strong polar 
overdominance effect on decreased fat deposition as seen using analyses with imprinting 
and polar overdominance genetic models. The DLKl protein inhibited adipose cell 
development and differentiation in the in vitro study (Garces et al., 1999). Therefore, we 
may expect the major phenotypic effect of DLKl locus will be on fat deposition traits and 
we certainly provide evidence of the polar overdominace mode of DLKl gene action for fat 
deposition traits (Table 3). 
Further investigation will be needed with additional genes or markers in this region to 
better understand the genetic basis of the polar overdominance. However, our results 
provide evidence that the porcine DLKl locus or closely linked loci might have a polar 
dominance effect on the variation in pig growth and body composition traits. Our parental 
origin phenotypic effects of the porcine DLKl on growth and body composition traits are 
quite similar with the phenotypes of the Dlkl knockout mice (Moon et al., 2002). Further 
study will determine the functional importance of the DLKl gene and its mutations in pigs. 
Finally, our data strongly suggest that the polar overdominance mode of inheritance is 
present in the pig chromosomal region that is homologous to the callipyge locus in sheep 
and this is the first evidence of the existence of polar overdominance in another mammalian 
species. 
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Table 1. Effect of the DLKl genotype on fat deposition and muscle characteristic traits in F2 pigs from Berkshire and Yorkshire 
crossed families. The model included fixed effects of gender, year season for backfat traits or slaughter date for muscle traits, and 
genotype. P-values are for the test of phenotypic difference by genotypes. Least-squares (LS) means and standard error (in 
parenthesis) were obtained for each genotype. 
DLKl 
genotypes 
N AVERAGE" 
BACKFAT 
LUMBAR" 
BACKFAT 
TENTHRIB0 
BACKFAT 
MARd AVGe AVGPf 
11 111 3.33 (0.05) 3.55 (0.07) 3.23 (0.06) 3.64 (0.06) 9.04 (0.33) 106.5 (1.7) 
12 246 3.18 (0.04) 3.43 (0.05) 3.06 (0.05) 3.86 (0.05) 9.04 (0.24) 106.8 (1.2) 
22 168 3.31 (0.04) 3.6 (0.05) 3.18 (0.05) 3.88 (0.05) 8.21 (0.27) 101.3 (1.4) 
P values P<0.03 P<0.04 P<0.06 P<0.005 P<0.03 P<0.003 
"Average Backfat thickness (cm), bLumbar backfat thickness (cm), cTenthrib backfat thickness (cm), dMarbling (intramuscular fat 
content, range 1-5), ^average residual glycogen content (|imol/g), ^ average glycogen potential (|imol/g). 
Table 2. Effect of the paternal origin DLKl alleles on growth and body composition traits in F2 pigs from Berkshire and 
Yorkshire crossed families. P-values were given for the test of phenotypic difference by the genotypes. Contrast P value between 
genotype 21 and other genotypes were also given. Significant values are in bold. 
DLKl genotypes by paternal origin P values 
Traits 11 12 21 22 11 vs22 21 vs all other genotypes 
12 vs all other 
genotypes 
No. of pigs 108 102 128 165 
Birth weight (kg) 1.568 (0.029) 1.467 (0.029) 1.569 (0.03) 1.522 (0.023) 0.2 0.12 0.006 
16-Day weight (kg) 
Average Daily gain to 
weaning (kg/day) 
Average Daily gain on test 
(kg/day) 
4.87 (0.12) 
0.23 (0.007) 
0.688 (0.005) 
4.67 (0.12) 
0.222 (0.007) 
0.674 (0.005) 
5.06(0.13) 
0.243 (0.007) 
0.693 (0.005) 
4.89 (0.1) 
0.234 (0.006) 
0.687 (0.004) 
0.89 
0.69 
0.73 
0.07 
0.07 
0.07 
0.04 
0.07 
0.01 
Average back fat (cm) 3.33 (0.05) 3.23 (0.05) 3.13(0.06) 3.31 (0.04) 0.8 0.009 0.61 
Lumbar back fat (cm) 3.55 (0.07) 3.48 (0.07) 3.33 (0.07) 3.59 (0.05) 0.6 0.004 0.95 
Last rib fat (cm) 3.16(0.05) 3.10(0.06) 3.02 (0.06) 3.14(0.04) 0.82 0.08 0.85 
Tenth rib back fat (cm) 3.24 (0.07) 3.08 (0.07) 3.01 (0.07) 3.19(0.05) 0.58 0.04 0.35 
Loin muscle area (cm2) 35.78 (0.52) 35.98 (0.53) 36.83 (0.54) 35.68 (0.42) 0.88 0.09 0.84 
Average glycogen content 
(nmol/g) 
Average glycolytic 
potential ((pmol/g) 
Marbling 
9.05 (0.33) 
106.6 (1.69) 
3.64 (0.07) 
9.3 (0.33) 
107.9 (1.63) 
3.83 (0.07) 
8.69 (0.33) 
104.8 (1.67) 
3.84 (0.07) 
8.21 (0.27) 
101.3 (1.35) 
3.89 (0.05) 
0.06 
0.008 
0.003 
0.69 
0.68 
0.46 
0.09 
0.06 
0.56 
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Table 3. The analysis of DLKl position with mendelian, imprinting and polar 
overdominance genetic models. The F statistics for the genetic models were derived using 
the null hypothesis of no QTL model. Permutation tests were performed with 20,000 
replicates across whole chromosomes and traits and average chromosome-wise significance 
threshold values were obtained (Hauke et al., 2003 in preparation). Those in bold are 
significant for 5 % chromosomal wise level. 
F values 
Traits Mendelian Paternal 
expression 
Maternal 
expression 
Paternal polar 
overdominace 
Maternal polar 
overdominance 
Birth weight 1.01 1.74 7.29 3.51 8.2 
16-day weight 0.46 3.18 0.90 1.30 4.38 
Average daily gain 
to weaning 0.56 3.18 0.35 0.92 3.42 
Average daily gain 
on test 0.12 2.50 4.08 3.92 5.26 
Average back fat 3.72 0.75 0.74 7.30 0.31 
Lumbar back fat 3.74 0.24 2.46 8.59 0.51 
Last rib back fat 1.66 0.40 0.27 3.23 0.13 
Tenth rib back fat 3.01 0.82 0.13 4.81 0.37 
Loin muscle mass 1.28 0.64 0.97 4.31 0.01 
Average glycogen 
content 3.78 7.25 0.27 0.02 5.87 
Average glycolytic 
potential 6.86 11.84 1.15 0.01 8.05 
Marbling 4.38 4.30 4.35 0.05 0.04 
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CHAPTER 5. MAPPING OF THE PORCINE AGOUTI-RELATED 
PROTEIN (AGRP) GENE TO CHROMOSOME 6. 
A paper published in the Animal Genetics, 2001, 32:325-326. 
K S Kim, M F Rothschild 
Department of Animal Science, Iowa State University, 2255 Kildee Hall, Ames IA 50011 
USA. 
Source/description: Agouti-related protein (AGRP) is a neuropeptide that mediates the 
orexigenic and metabolic effects of leptin signaling via binding to and inhibiting of central 
melanocortin receptors1. Primers were designed in the regions of sequence conserved among 
the human, mouse and bovine AGRP genes (Genbank accession nos. U89485, U89486 and 
AJ002025, respectively). The sequence of the porcine PCR products was identified as the 
porcine AGRP gene spanning exons 1 and 3 and showed 91% and 87% exonic identity to the 
corresponding human and bovine AGRP sequences, respectively. Using this sequence 
(GenBank accession no. AF220543), pig specific primers were designed. Sequence analysis 
of the PCR products from several individual pigs of different breeds detected an intronic 
nucleotide substitution situated in a Drdl restriction enzyme recognition site. 
Primer sequences'. 
Primers derived from other species sequences (800 bp) 
Forward primer: 5'-GAA GGG CAT C(A/G)G A AG GCC TG-3' 
Reverse primer: 5-TAC CCA GCT TGC GGC AGT AG-3' 
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The porcine-specific primers (600 bp) 
Forward primer: 5'-GTG GTT CTG CCC TCA CAT CAT C-3' 
Reverse primer: 5'-CAT GGT ACC TGG TGT CCC AGA C-3' 
PCR conditions: Both PCR reaction were performed using 12.5 ng of porcine genomic 
DNA, lx PCR buffer, 1.5 mM MgClz, .125 mM dNTP, 0.3 (iM of each primer, and 0.35 U 
Taq DNA polymerase (Promega, Madison, WI) in a 10-|J,L final volume. The PCR profile 
included 2 min at 94°C; 35 cycles of 30 sec at 94°C, 1 min at 56 °C, 1 min 30 s at 72 °C; and 
a final 15 min extension at 72 °C in a Robocycler (Stratagene, La Jolla, CA). 
Polymorphisms: The Drdl digestion of the 600 bp PCR product produced allelic fragments 
of 600 bp (allele 1), or 420 and 180 bp (allele 2) and this restriction fragment length 
polymorphism (RFLP) analysis was used to genotype animals from PiGMaP reference 
families and the Iowa State University herd. 
Mendelian inheritance/allele frequencies: Mendelian segregation of Drdl PCR-RFLP was 
observed in 4 three-generation PiGMaP families2. Genotyping of 54 unrelated animals from 
several breeds in the Iowa State University herd determined allele frequencies of the 
polymorphism. Allele 1 was observed with a frequency of 1 in Hampshire (n = 9), Duroc (n 
= 9), and Chester White (n = 9), 0.83 and 0.88 in Large White (n=9) and Landrace (n=8) 
respectively, but was not observed in Meishan (n = 10). 
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Chromosomal location/Linkage: AGRP was assigned to chromosome 6 (probability = 1.00) 
and the (l/2)pl2-(l/2)pl4 region (probability = 0.81) by PCR analysis of a pig-rodent 
somatic cell hybrid panel3. Two-point and multi-point linkage analyses were performed 
using CRIMAP 2.4 against other genotypes in the PiGMaP Linkage database 
(http://www.resSpecies.org). Most significant linkages between AGRP and PiGMaP 
markers were obtained from microsatellite S0087 (recombination fraction = 0.00 and LOD = 
3.01) and S0297 (recombination fraction = 0.00 and LOD = 3.31) on chromosome 6. 
Comments: As the human AGRP maps to HSA16, which is known to share homology with 
pig chromosome 6p, the assignment of the AGRP to the porcine chromosome 6 is in 
accordance with the previous results obtained by chromosome painting between human and 
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Figure 1. Drdl PCR-Restriction Fragment Length 
Polymorphism of the porcine AGRP gene. Lane 1 
molecular marker, lane 2, the heterozygote; lane 3 
and 5, allele 1 homozygotes; lane 4 and 6, allele 2 
homozygotes. The arrows indicate each allele. 
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CHAPTER 6. LINKAGE MAPPING OF THE PORCINE 
IMMUNORECEPTOR DAP 10 AND NKG2D GENES1 
A paper published in the Journal of Animal Science, 2002, 80:1377-1378. 
K. S. Kim*, Y. D. Zhang*, D. Yim+, Y. B. Kim+ and M. F. Rothschild*2 
Genus and Species. Sus scrofa. 
Loci. DNAX-activation protein 10 (DAP10) and natural killer cell receptor D (NKG2D). 
Source and Description of Primers. Primers were designed from the porcine DAP10 and 
NKG2D sequences (GenBank accession nos. AF285446 and AF285448, respectively). The 
DAP 10 primers were used to amplify approximately 500 bp of the fragment spanning 
DAP 10 exon 4 and DAP 12 exon 5. The DAP 10 and DAP 12 genes are linked in opposite 
transcriptional orientation, separated by 152 bp (Yim et al, 2001). The NKG2D primers 
were used to amplify approximately 700 bp of the fragment spanning NKG2D exons 8 and 
9. 
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Primer Sequences. The primer sequences for DAP 10 and DAP 12 are as follows: forward, 5-
GCA AAA TCT ACA TCA ACA TGC CG-3' and reverse, 5-GAT GTC TAC AGC GAC 
CTC AAC ACA C-3'. The primer sequences for NKG2D are as follows: forward, 5-TAA 
TGA GAG CAA GAC CTG GC-3' and reverse, 5-GGT TAG GTG AG A GGA TGG AA-
3'. 
Method of Detection. Both PCR reactions were performed using 12.5 ng of porcine 
genomic DNA, lx PCR buffer, 1.5 mM MgCla, .125 mM dNTP, 3 pmol of each primer, and 
.35 U Taq DNA polymerase (Promega, Madison, WI) in a 10 |a.L final volume. Each PCR 
profile included 2 min at 94°C, 40 cycles of 30 s at 94°C, 1 min at 54 °C, 1 min and 30 s at 
72 °C, and a final 15 min extension at 72 °C in a Robocycler (Stratagene, La Jolla, CA). The 
DAP10 and NKG2D PCR products were digested with Xcml and Rsal restriction 
endonucleases, respectively and incubated overnight at 37 °C. The digested fragments were 
separated by 3 % agarose gel electrophoresis. 
Description of Polymorphisms. The Xcml digestion of the DAP 10 PCR product produced a 
500 bp (allele 1) fragment and 400 bp and 100 bp (allele 2) polymorphic fragments. The 
Rsal digestion of the NKG2D PCR product produced a 700 bp (allele 1) fragment and 500 
bp and 200 bp (allele 2) polymorphic fragments (Figure 1). 
Patterns of Inheritance. Autosomal segregation of Mendelian inheritance was observed in 
the three-generation European PiGMaP pedigrees (Archibald et al., 1995), in three 
familiesfor the DAP 10 and four families for the NK2GD. 
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Allele Frequencies. Allele frequencies were determined by genotyping pigs of several 
breeds in the Iowa State University herd (Table 1). 
Chromosomal Locations. Two-point and multi-point linkage analyses were performed using 
the genotypes of the PiGMaP families and the CRI-MAP program (Green et al., 1990). The 
DAP 10 gene was significantly linked to several markers on porcine chromosome 6 (SSC6). 
The most closely linked markers (LOD score and recombination fraction in parentheses) 
were S0220 (13.85,0) and GPI (14.17,0.04). The best map order of the DAP10 gene is as 
follows (with distance in Kosambi cM): S0300-2.5-GPI-6-DAP10-DAP12-0-S0220-5.1-
PGD. The NKG2D gene was most significantly linked to S0005 (13.55,0) and SW1017 
(12.76, 0.03) on SSC5 and the best map order is as follows: IFNG-5.S-SW1071-1.1-NKG2D-
0-50005-11.7-80018. 
Comments. The porcine DAP10 and NKG2D genes have been physically mapped on 
SSC6q21 and SSC5q25, respectively (Yim et al., 2001). Our linkage data will improve the 
comparative map of the regions between human and pig. The human NKG2D/DAP10 
complex is expressed on gamma/delta T cells, CD8+ alpha/beta T cells, and natural killer 
cells and evokes immune responses against transfectants and epithelial tumor cells 
expressing MICA, stress-induced or tumor associated MHC-related molecules (Bauer et al., 
1999; Wu et al., 1999). Therefore, the NKG2D/DAP10 complex may play an important role 
in the animal's immune surveillance system. 
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Table 1. Allele 1 frequencies of the porcine DAP 10 and NKG2D polymorphisms in the Iowa 
State University herd. 
Breeds No. of animals DAP10 NKG2D 
Landrace 5 0.9 0 
Hampshire 6 1 0 
Yorkshire 7 0.85 0.64 
Meishan 7 0.43 0 
A 
M 
517-506® 
396 mm 
344 • 
298 • 
Figure 1. Agarose gel (3%) showing genotypes of the porcine DAP 10 and NKG2D 
polymorphisms. (A) The Xcml PCR-RFLP of porcine DAP10. (B) The Rsal PCR-RFLP of 
porcine NKG2D. Molecular marker (M) and each genotype are indicated at the top of the 
lane. 
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CHAPTER 7. GENERAL CONCLUSIONS AND DISCUSSION 
General Conclusions 
Similarities between humans and pigs at physiological and genomic levels can provide 
advantages for the use of the pig as a genetic model for complex human diseases. The main 
objectives of this study were to identify, map and understand functional aspects of obesity-
related genes in the pig as models for future study of human obesity, a complex disease. 
The functional properties of a naturally occurring an amino acid substitution of aspartic 
acid (Asp) with asparagine (Asn) at position 298 of the melanocortin-4 receptor (MC4R) 
protein were studied in chapter 2. The main finding was that 298Asn MC4R transfected 
cells did not accumulate cAMP in response to NDP-aMSH stimulation, although there was 
no difference in the binding affinity between 298Asp and 298Asn MC4R proteins. These 
results suggest that the 298Asn MC4R has a functional defect in mediating agonist 
stimulation, and that the 298Asp is required for MC4R signaling. In addition, 298Asp 
MC4R expressing pigs had significantly higher glycolytic potential and lactate content in M. 
longissimus dorsi muscle than 298Asn MC4R expressing pigs. Lipid content of the M. 
longissimus dorsi muscle was greater in 298Asn MC4R expressing pigs, whereas the 
proportion of type I and Da muscle fibers was significantly higher in the heterozygous pigs 
that expressed both 298Asp and 298Asn MC4R. These findings have an important 
implication for determining functionally important structural amino acid residues in MC4R 
sequences, and to define physiological conditions relevant to human obesity by MC4R 
signaling. 
Obesity is a complex phenotype controlled by numerous behavioral, environmental, and 
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genetic factors. Genetic studies in animal models may provide an understanding of the 
genetic basis of human obesity and other related health problems. Several candidate genes 
were investigated and reported in Chapters 3 and 5. These genes are located at obesity 
quantitative traits loci (QTL) region in the pig genome. These candidate genes include 
agouti-signaling protein (ASIP), agouti-related protein (AGRP), adiponectin (APM1), ghrelin 
(GHRL), high mobility group AT hook 1 and 2 (HMGA1 and HMGA2), melanocortin-3 
receptor (MC3R), MC4R, and peroxisome proliferator activated receptor y (PPAR f). The 
candidate genes mapped under the obesity-related QTL on pig chromosomes can serve as 
anchor loci to determine the homologous human chromosomal locations. Detailed analyses 
of relationships between polymorphisms of individual candidate genes and a variety of 
phenotypic measurements in a large number of pigs in the present dissertation provided 
important insights into the role of obesity-related genes on obesity and other related 
metabolic disorders in pigs. This study was the first large-scale analysis of human obesity-
related genes using pig QTL and discussed candidate gene roles or possible effects related to 
the development of human fat deposition and obesity. 
Genomic imprinting is preferential expression of genes in a parent-origin-dependent 
manner. There are a number of phenotypes in human and mice that are related to imprinting. 
However, their identity has been elusive in pigs. Chapter 4 revealed the presence of 
imprinting on the porcine delta homolog-like 1 {DLKl) locus. Phenotypic association based 
on parental origin of DLKl alleles identified that the pigs with a paternally transmitted allele 
2 and a maternally derived allele 1 had significantly higher growth rate after birth and lower 
backfat thickness than pigs with other parental genotypic combinations. This unique parent-
of-origin effect has been previously found in the callipyge sheep referred to as 'polar 
overdominance' (Cockett et al., 1996) for which the causative DNA mutation was recently 
identified (Freking et al., 2002). However, the functional changes of imprinted genes 
induced by the causative mutation for the callipyge phenotype have not been completely 
characterized, and existence of the polar overdominace in other mammals is unclear. 
Results from chapter 4 indicate that the inheritance mechanism of polar overdominace for 
callipyge sheep might have a conserved role for growth and fat deposition phenotypes in 
pigs, and the DLKl gene might be an important player for this fascinating phenotype. 
In chapter 6 is reported the chromosomal locations of two disease resistance genes in 
pigs. Disease resistance is a major issue in animal production, so localization of these 
disease resistance genes would be useful for quantitative analysis of immune traits and 
identification of genomic regions controlling disease resistance and immune responses. The 
protein complex of DAP 10 and NKG2D is expressed on NK cells and other immune cells, 
and plays an important role in immune surveillance (Bauer et al., 1999; Wu et al., 1999). 
The DAP 10 and NKG2D genes are linked to several markers on chromosomes 6 and 5 
respectively. The best map order for DAP10 is as follows: S0300-GPI-DAP10-DAP12-
S0220-PGD. The best map order for NKG2D is as follows: 1FNG-SW1071-NKG2D-S0005-
S0018. 
In summary, there is a number of potentially interesting phenotypes in pigs similar to 
human genetic diseases or physiological conditions, such as obesity, imprinting and immune 
responses. This dissertation demonstrates the useful value of comparative genomic study in 
pigs as a model organism to investigate genes of interest for human health, especially for fat 
deposition and obesity. In addition, results from this dissertation help to understand the 
molecular genetic basis of farm animal growth and body composition. These results have an 
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important implication for farm animal production and efficient animal agricultural systems 
through development of improved genetic selection programs for the targeted traits of 
interest. 
General Discussion 
Justification of pig model for studying genetics of human obesity 
The complexity of human obesity, in which many genes and environmental factors 
are involved makes it difficult to determine distinctive sets of genes that are known to be 
contributing to the obese phenotypes. Therefore, comparative analysis of genes of interest 
in model organisms is a useful approach to determine roles or effects of individual genes for 
those diseases with complex origin. Several major pig QTL regions for growth and fat 
deposition traits have been found in several different studies. Most of the identified pig 
QTL for growth and fat deposition traits appear to be relevant to regions associated with 
obesity-related phenotypes in humans (Chagnon et al., 2003). However, the gene map in pig 
chromosomes is relatively sparse and the pig QTL regions are relatively large so that the pig 
QTL region would be difficult to precisely localize in human chromosomes. In this research, 
several candidate genes were successfully localized within the pig QTL and the comparative 
location of these candidate genes can be used as anchor loci to find the homologous human 
chromosomal locations. For example, several studies found a significant fat QTL near the 
TNFa locus on the pig chromosome 7. The TNFa itself plays an important biological role 
in the development of obesity and diabetes (Bullo-Bonet et al., 1999), but there are 
conflicting data regarding the genetic role of the TNFa locus in human obesity (Normal et 
al., 1995; Pausova et al., 2000; Rasmussen et al., 2000). The pig TNFa locus is located at 5-
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10 cM away from the fat QTL peak in a previous QTL study (Malek et al., 2001a), and the 
pig HMGA1 was mapped more closely to the peak of the SSC7 QTL in the present study. 
The HMGA1 locus was significantly associated with fat phenotypes in several pig 
populations and might be potentially important for human obesity. Additional targeted 
chromosomal regions in the pig genome can provide useful information on the genetic 
control of human obesity. The QTL on the telomeric region of the pig chromosome 17 is a 
good example. This QTL is related to postmortem glucose metabolism in muscle, such as 
glycolytic potential and residual lactate content (Malek et al., 2001b). Variation in these 
traits resulted from the pattern of postmortem glycogen depletion and may ultimately 
determine the quality of meat. These traits may be relevant to muscle insulin sensitivity and 
fiber type, so they certainly may have implications to diabetes in humans. This is especially 
important since the corresponding human chromosomal region, 20qll-ql3, has been 
reported for linkage to diabetes and obesity (Bowden et al., 1997; Ji et al., 1997; Lee et al., 
1999). Additional studies can be conducted in different pig populations to investigate 
further the phenotypic association of candidate loci in different genetic backgrounds. The 
rodent models may not be suitable for such quantitative phenotypic studies due to 
differences in size and physiology. The kind of systematic studies described above would be 
difficult to conduct in human populations also, mainly due to the limits in replication and 
sampling. With results presented here, pigs might be a good choice of model organisms for 
comparative genetic analysis of complex phenotypic disease like human obesity. 
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New goals in farm animal genomics 
Mapping genes and construction of gene maps in farm animals have provided an 
important tool to identify genes or chromosomal regions, in particular QTL, with major 
influences on economically important production traits. With the near completion of 
genome sequencing in the human and several other model species, and availability of new 
genomic technologies for high-throughput sequencing and genotyping, and large scale 
expression analysis, genome research in farm animals can play more important roles in the 
life sciences by providing new insights into evolutionary, biochemical, genetics, metabolic, 
or physiological pathways. The first step was made by submitting a "White Paper" for 
sequencing in the pig and it has been ranked as "high priority" by the NHGRC but the pig is 
competing against the cow and dog efforts. Now, animal genomic scientists will need to 
learn to use contemporary technologies and to apply them to emerging issues in animal 
agriculture and the life sciences. With the aim of developing my career in this area, I 
address 10 goals for current and future phases of animal genomics. 
1) Large scale discovery of single nucleotide polymorphisms (SNPs) in animal genome. 
This will facilitate the study of the relationships between DNA sequence variation 
and complex phenotypic variation. 
2) Establishment of haplotypes from the identified SNPs. Haplotype analysis can 
enhance the accuracy and discovery rate of the relationships between different 
genotypes and phenotypes with more power and reduced cost. 
3) Advanced and standardizedphenotyping. This is essential to generate and collect 
data from different laboratories. This will be also important for relevant genetic 
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models for human diseases. 
4) Challenge to non-additive inheritance; imprinting and epistasis. This can lead to 
development of advanced breeding programs or breeds for more desirable 
phenotypes. 
5) Comparative sequence analysis of cross-species genomes. This can maximize the 
discovery of functionally important genomic regions such as coding sequences (gene 
discovery) and regulatory elements for gene expression. 
6) Monitoring comparative gene expression patterns in different environments, breeds, 
or species. This will make it possible to isolate a group of genes involved in specific 
phenotypes. 
7) Integration of QTL and differential gene expression data for the phenotypes of 
interest. This approach can have a synergic effect to detect causative DNA 
sequences in the genome for the phenotypes of interest. 
8) Physiological analysis of genetic variation and gene function. The understanding of 
physiological consequences from genetic variation or specific gene functions can 
provide important information for human medicine and drug discovery. 
9) Improvement of genomic databases in quality and variety. The easy access of 
available information will be one of the most important steps. Basic information 
contains gene sequence, structure and location. Advanced information will contain 
expression data, cellular roles and phylogenic data compared with other similar 
genes. 
10) Development of new prediction and selection methods to evaluate animals for 
breeding based on given sequence information. We might use sequence-based 
94 
breeding programs to produce animals with specific phenotypes of interest for given 
environmental conditions. 
The success of these ambitious 10 goals in current and future phases of farm animal 
genomics will ultimately improve the predictability in animal breeding and expand 
knowledge of basic biological processes relevant to animal and human health. 
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